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ABSTRACT
Crystallization is a commonly used purification process in industrial practice. It usually begins
with heterogeneous nucleation on a foreign surface. The complicated mechanism of
heterogeneous nucleation is not well understood, but we hypothesize a possible correlation
between binding affinity to a surface and nucleation enhancement. Amorphous polymers have
been used in controlling crystallization. However, to our knowledge no attempt has been made to
investigate the possibility of using binding affinity to help guide the selection of polymers
promoting heterogeneous nucleation. This study investigated the possibility of using binding
affinity of one molecule and many molecules to help guide the selection of these polymers. To
measure the binding affinity of one molecule, we developed a two-step approach to compute the
free energy of binding to a binding site, using a system of ethylene glycol, polyvinyl alcohol
(PVA), and heavy water (D20). The first step of our approach uses Adsorption Locator to
identify probable binding sites and molecular dynamics to screen for the best binding sites. The
second step employs the Blue-Moon Ensemble method to compute the free energy of binding.
We then applied our procedure to the systems of aspirin binding on the surfaces of four non-
porous crosslinked polymers in ethanol-water 38 v%. These polymers are poly(4-
acryloylmorpholine) (PAM), poly(2-carboxyethyl acrylate) (PCEA), poly(4-hydroxylbutyl
acrylate) (PHBA), and polystyrene (PS), and they all are crosslinked with divinylbenzene
(DVB). We developed an approach to construct these crosslinked polymers and built three
independent surfaces for each polymer. We found the similarity between the trend of
heterogeneous nucleation activity and that of the average free energies of binding to the best site
of each polymer surface. To measure the binding affinity of many molecules, preferential
interaction coefficient and the number of aspirin molecules associated with the area of the
binding site was calculated. We found that there is also a similarity between the trend of
heterogeneous nucleation activity and that of number of aspirin molecules associated with the
area of the binding site (taken into account the effects of polar/apolar atom interactions between
an aspirin and a polymer). These results suggest the possibility of using binding affinity,
especially the free energy of binding to the best site and the number of nucleating molecule, to
help guide the selection of polymers promoting heterogeneous nucleation.
Thesis Supervisor: Bernhardt L. Trout
Title: Professor of Chemical Engineering
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1. Introduction
Crystallization is a commonly used purification and separation process in pharmaceutical,
chemical and food industries." In industrial practice and most circumstances, it usually starts
with heterogeneous nucleation on a foreign surface.'' 6 In spite of the wide use of crystallization,
the complicated mechanism of heterogeneous nucleation is not well understood. However, we
hypothesize that there might be a possible correlation between binding affinity to a surface and
nucleation enhancement.
Amorphous polymeric substrates have been proven to be very useful in controlling
crystallization, selectively producing pharmaceutical polymorphs, discovering novel
pharmaceutical polymorphs, and promoting the growth of single crystals of small molecules.7~0
Recently, Diao et al. investigated the effectiveness of various crosslinked polymeric substrates in
inducing nucleation of aspirin, and they found that polymers with different functional groups
perform at different levels of nucleation enhancement.' 0 However, to be able to identify
polymers that can effectively promote heterogeneous nucleation, experimentalists had to screen
through tens of polymers with various functional groups, and this process can be time and
resource consuming.
To identify polymers promoting heterogeneous nucleation, experimentalists usually select
polymers based on possible interactions between the functional groups of a small molecule and
polymers and then try many polymers with various functional groups in experiments. However,
the effectiveness of heterogeneous nucleation on the polymer surface probably involves
complicated interplay among various factors such as the morphology of the surface, the binding
affinity to the surface, the accessibility of a small molecule to a surface, the interactions with the
solvent, etc. It can be very difficult for experimentalists to take into account all these
complicated factors at the same time, especially when a small molecule contains many
complicated functional groups such as those in an active pharmaceutical ingredient. Moreover,
heterogeneous nucleation experiments can be time and resource consuming. The
experimentalists have to try a large number of polymers with various functional groups to find a
few polymers with the best heterogeneous nucleation activity. These experiments can also cause
a large amount of chemical waste that can harm the environments. Therefore, there is a need for
a computational tool that can help guide the selection of polymers promoting heterogeneous
nucleation. This computational tool can help the experimentalists to focus on a few polymers
predicted to have the best heterogeneous nucleation activity, instead of trying tens or hundreds of
these polymers in experiments.
1.1 Thesis Objectives
The objective of this thesis is to investigate the possibility of using binding affinity of a small
molecule to an amorphous polymer in a solvent to help guide the selection of polymers that
promote heterogeneous nucleation. Specifically, the binding affinity of one molecule to a binding
site and the binding affinity of many molecules to a surface were investigated. The binding
affinity of one molecule to a binding site is measured by the free energy of binding, a
methodology which was developed in this thesis. The binding affinity of many molecules to a
surface is measured by the preferential interaction coefficient, a methodology which was
originally developed by Banes and Trout.'1
1.2 Organization
The remaining six chapters have the following contents. Chapter 2 gives an overview of
related works in literature. Chapter 3 describes the methodology development for the calculation
of the free energy of binding. Chapter 4 discusses the results for the possibility of using the
binding affinity of one molecule to a binding site, as indicated by the free energy of binding, to
help guide the selection of polymers promoting heterogeneous nucleation. Chapter 5 reports the
results of the possibility of using the binding affinity of many molecules to a surface, as
indicated by the preferential interaction coefficient, to help guide the selection of polymers
promoting heterogeneous nucleation. Chapter 6 summarizes the major conclusions drawn from
Chapters 3-5. Chapter 7 recommends opportunities for future work.
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2. Literature review
2.1 Classical nucleation theory: heterogeneous nucleation
Nucleation starts the crystallization in solutions. Heterogeneous nucleation (HEN) occurs
when the old and new forming phases come into contact with the third molecular species or
phase, while forming clusters of crystals. The cluster size (n) represents the number of molecules
in the cluster. At the activation barrier of the nucleation, the clusters of size n* are called nuclei
(or critical nuclei). When n<n*, the clusters are called subnuclei. When n>n*, the clusters are
called supernuclei.
The work needed (W or AG) to form a cluster of size n is the sum of the bulk contribution and
the surface contribution, as follows:
W(n) = -nAp + p(n).
Supersaturation is defined as Ap =kT inS. The nucleation is possible when the solution is
supersaturated (Ap>O). k is the Boltzmann constant; T is temperature; and S is the
supersaturation ratio (S) given by
S=an a ... a' /" a a... af.1a 2 . j 1,e 2,e je
In this case, the ionic crystals dissociate into ions of type i = 1, 2, j. ni represents the
number of the ith ions in a molecule of the crystal. at and ai,e represent the actual and equilibrium
activities. If the solutions are sufficiently dilute, at and aie can be replaced by the actual and
equilibrium concentrations C; and Ci,e.
Figure 1-1: Cross-section of a cap-shaped cluster of n molecules (3D HEN) (reproduced from' 3 ).
SduiCn
Figure 1-2: Cross-section of a disk-shaped cluster of n molecules (2D HEN) (reproduced from 13)
# (n) is the surface energy contribution dependent on the system. If the shape of the clusters on
a solid surface is approximated by a spherical cap with a wetting angle 0 (3D HEN in Figure
1-1), # (n) is given by (3 6 7co2 i1yf n 2, where yf = y V 13(0). Therefore, W (n) becomes
W (n) = -nkTlnS + (367Cvo 2)"y n213 Y 1/3(0).
vo is the volume of a molecule in the cluster. y is the specific surface energy of the
cluster/solution interface, and T = % (2+cos 0)(1-cos 0)2. If the shape of the clusters is
approximated by a disk of fixed height (2D HEN in Figure 1-2), #(n) is given by n aegAy + b K
n' 2. Therefore, W(n) becomes
W(n) = -nkTlnS + agfAy + b K n.
solution
af is an effective molecular area, which is vo/height of the disk (h). Ay = y + ye - ys. ys and Ycs are
the specific surface energies of the substrate/solution and cluster/substrate interfaces,
respectively. B is the shape factor, which is 2(rag)2 . K is the specific edge energy, which is yh.
A maximum of W(n) at n = n* (critical nucleus) is the energy barrier to nucleation (W*). For
3D HEN, the expressions for n* and W* are given by'3
n* = 32xvo2yef/3(kT)3ln S;
W= H n*kT inS.
For 2D HEN, the expressions for n * and W* are given by 1
n* 7raef K 2/(kT inS - ae Ay)2;
W*= n*(kTlnS - aef Ay).
The nucleation rate for 3D HEN is given by12
J(S) = AS exp(-B/ln 2S)
B =167vo2 yc/3(kT);
A (kT/vo2 m)" DCelnS (for volume-diffusion);
A (4w/3vo )m13 (ycf /kT) 2 (for interface-transfer control).
D is the monomer diffusion coefficient and Cc is the solubility.
For 2D HEN, the nucleation rate is given by'
J(S) = A ' S exp [-B '/(lnS - aoA y/kT )];
2 2B= b K /4k21.
For surface diffusion and molecular beam condensation, A 'is given by
A' = y*[c*kT( InS-aoA y/kT)312/bK] As2 ,Co.
ao is the molecular area. As is the mean surface diffusion distance and is equal to (Dsrd)1/2, where
Ds is the coefficient of surface diffusion of a monomer and rd is the mean time of desorption (rd =
(1/vs) exp(Ed/kT), Edes is the activation energy of desorption). I, is the equilibrium impingement
(Ie= pe/(2cmokT) , where pe is the equilibrium pressure and mo is the mass of a molecule. Co is
the concentration of nucleation sites.
As shown above, n*, W* and J(S) all involve surface energy/surface tension (y).
Thermodynamically, y equals Gibbs free energy per surface area (work needed to increase a
surface area A) and is given by
y = () TPn.iJA
Since the cohesive forces between the molecules of the same phase or the adhesive forces
between the molecules of different phases cause surface energy, we hypothesize that there might
be a possible correlation between binding affinity to a surface and heterogeneous nucleation
activity.
2.2 Experimental and computational studies of heterogeneous nucleation
Experimentally, several studies have been done on heterogeneous nucleation on highly-ordered
substrates, such as crystals 14-19 and self-assembled monolayers (SAMs). 20-22 For crystalline
substrates, lattice match or epitaxial relationship plays an important role. Cai et al. found that
[MBSA]-', 5-benzyl-4-hydroxyl-2-methoxy-benzenesulfonic acid, absorbs strongly to the (0001)
face of single crystals of hydrotalcite, a clay with [Mg6Al6(OH)16] 2+ layers and forms an ordered
2D structure with commensurate lattice.23 For SAMs, a high level of control of nucleation and
crystal growth can be achieved by varying the functional groups and the length of the SAMs, the
supporting metal/metals combination, and the concentration and composition of the crystallizing
solution.20 By choosing a specific SAM/metal combination, Aisenberg et al. successfully
controlled the formation of a desired polymorph of CaCO3.20
In terms of heterogeneous nucleation on amorphous substrates, experimental studies have been
done on polymers. 24 -27 Through the use of diverse libraries of polymer heteronuclei, including
both commercial polymers and combinatorially synthesized cross-linked polymers from a single
solvent and temperature condition, Price et al. selectively produced two stable polymorphs of
acetaminophen and six stable forms of 5-methyl-2- [(2-nitrophenyl)amino] -3-
thiophenecarbonitrile. Moreover, they discovered one new form of carbamazepine and two new
forms of sulfamethoxaxole.27 Recently, Diao et al. investigated the effectiveness of various
polymer substrates in inducing nucleation of aspirin, and they found that polymers with different
functional groups perform at different levels of nucleation enhancement.10 They used poly(4-
acryloylmorpholine) (PAM), poly(2-carboxyethyl acrylate) (PCEA), poly(4-hydroxylbutyl
acrylate) (PHBA), and polystyrene (PS), where they were crosslinked with divinylbenzene
(DVB). They measured the average induction time of aspirin crystals on each polymer surface
and found that the ranking of nucleation activities of these non-porous crosslinked polymers is
PAM > PCEA > PHBA ~ PS. PHBA and PS have comparable nucleation activities that are
similar to that of bulk crystallization. However, the molecular-level understanding of how the
surfaces of polymers interact with the solute molecules and promote nucleation is still
incomplete.
Several computational studies have been done on heterogeneous nucleation on crystalline
substrates, such as metals,28 alloys29 and Si.30 Grein et al. used the hybrid Molecular Dynamics
(MD)/Monte Carlo (MC) to study the epitaxial growth of ZnSe on GaAs (001) and found that the
As-terminated GaAs substrates employed for Zn-initiated growth of ZnSe were the most stable
interfaces of the four studied interfaces at a growth temperature of approximately 280'C.29
Sternberg and Lambrecht used a density-functional based tight-binding method31 to identify a
possible structure of the direct heteroepitaxial silicon/diamond (001) interface with and without
graphitic interlayers.32 Grein et al. employed the hybrid MD/MC to study the epitaxial growth of
Ge on Si (001), and the results were in good agreement with experimental data.30 Tully et al.
used the simplified stochastic classical trajectory-ghost atom theory33 to simulate the island
growth process of Pd on Ni (111) and found that this growth follows a downward funneling
mechanism, which is independent of the surface temperature. 28
Furthermore, a number of computational studies have been done on heterogeneous nucleation
on amorphous substrates, such as polymers.34-36 Rozas and Kraska employed molecular
dynamics simulation to study heterogeneous nucleation and growth of supersaturated argon
vapor at polyethylene surfaces and found that the system exhibits two-dimensional growth with a
trend to three-dimensional growth as the supersaturation of the vapor is increased. Ciacchi et al.
investigated the heterogeneous nucleation of platinum clusters on DNA and proteins using first
principles molecular dynamics techniques. 37,38 Saphiannikova et al. applied molecular-dynamics
simulations to explore the crystallization of an azo dye (Disperse Red- 1) on the encapsulated
polymer chains. 36
Despite all these computational studies on heterogeneous nucleation, to the best of our
knowledge, no attempt has been made to investigate the possibility of using binding affinity to
help guide the selection of polymers promoting heterogeneous nucleation, and to investigate the
binding affinity of a small molecule to an amorphous polymer in a solvent.
2.3 Construction of polymer structures
Amorphous Cell Module of Materials Studio,39 distributed by Accelrys, is a common tool that
is used to generate structures of long chain polymers. This module employs an algorithm
developed by by Theodorou and Suter 0 and the scanning method of Meirovitch.4' In brief, the
conformations of the unperturbed chains are generated by using the rotational isomeric state
(RIS) model of Flory.42 Modified conditional probabilities are used to compute the non-bonded
interactions between the atoms to be placed and the rest of the system, and these probabilities are
used to prevent excessive overlaps between polymer chains. While computing the conditional
probabilities, the scanning method is used to account for all possible continuations of the
growing chains. Severe overlaps are relaxed first, then the less severe overlaps are relaxed and
gradually the minimum structure is obtained.
The probability of the conformation with length N (the equivalent Markov process) is given
by:
Pi = qN(VNIVN-1) ... q 3 (V 3 1V2 )q 2 (V 2 1V1)pv1-
Pi is the probability of chain of length N in configuration i. PvJ is the probability of the first bond
in state V1. qN(VNIVN-1) is the probability of the Nth bond in state VN given the N-1 th bond in state
VN-q-
The conditional probability is given by:
-AUki
q'(vjlVk) = qi(vJlVk) e RT -AU fj
Xk, qi(vjlvk)e RT
where qj ( vj I k) is from the rotational isomeric state theory, AUkj is the increase in the long-
range interaction energy upon the addition of a new bond, R is the gas constant and T is the
temperature.
To generate the structures of crosslinked polymers, the method developed by Yarovsy et al.43
was modified and used in this thesis. Briefly, this procedure involves creating a mixture of
monomers and crosslinkers at the experimental ratio and density. The mixture is equilibrated at
high temperature (600 K) and then at room temperature. The mixture is analyzed to identify the
reactive sites in close proximity (within a specific cutoff), and these sites are considered to be the
most probable sites to take part in the crosslinking reactions. The reaction sites are then
"chemically reacted" according to the reactivity order of the possible crosslinking reactions that
can happen between the functional groups of the monomers and crosslinkers. Finally, the
crosslinked polymer structure is equilibrated at high temperature (600 K) for better relaxation
and then at room temperature.
2.4 Free energy of binding
The free energies of binding of small molecules to biopolymers, especially proteins, in water
44-56have been widely calculated in various systems.4- For biopolymers, the binding sites and
conformations of the structures are usually identified by X-ray crystallography. Using the bound
structures, the free energies of binding can be calculated by the thermodynamic integration
technique.57 However, to the best of our knowledge, there have not been any attempts to compute
quantitatively the free energy of binding of a small molecule to an amorphous polymer in a
solvent, probably because no crystal structure of an amorphous polymer and a bound
conformation is experimentally available.
Three major steps are required to compute the free energy of binding of a small molecule to an
amorphous polymer in a solvent. First, a model of an amorphous polymer structure needs to be
generated. In this thesis, the procedures described in section 2.3 were used to build polymer
structures.
Second, a probable binding site needs to be identified. Adsorption Locator Module of
Materials Studio in combination with molecular dynamics was used in this thesis. Adsorption
Locator has been used to investigate the adsorption of a small molecule to various surfaces. 58-61 it
implements simulated annealing using the Metropolis Monte Carlo method 62-64 to sample the
search space while the temperature is gradually decreased. The Metropolis Monte Carlo method
employs four step types: conformer, rotation, translation, and regrowth. Using the weights that
are specified at the start of the run, a step type is chosen at random. The selected step type is
applied to a random adsorbate of a random component, and the details of each step type are as
follows:
1. Conformer. The conformation of the selected adsorbate is substituted with a randomly
chosen conformation from the trajectory of that species. The position and orientation of the
old conformer is given to the new conformer.
2. Rotation. About its geometry center, the selected adsorbate is rotated by an angle of 60
about an axis A. The rotation 60 is drawn from a uniform distribution, and it has a value
between -Ar and Ar (Ar is the maximum amplitude of rotation). The axis A represents the
vector from a random point on a sphere to its origin.
3. Translation. Along an axis A, the selected adsorbate is translated by a distance of 6r. The
translation 6r is drawn from a uniform distribution, and it has a value between 0 and At (At
is the maximum amplitude of translation). The axis A represents the vector from a random
point on a sphere to its origin.
4. Regrowth. The selected adsorbate is removed from the system. Then, a new adsorbate of
the same species is inserted at a random position on the substrate with a random orientation
and a random conformation (if a trajectory of conformations is supplied).
At each temperature, the current state of binding conformation is changed into a randomly
chosen neighboring state. If the energy decreases, the new state is accepted. Otherwise, the new
state is accepted with the probability given by:
(En-Em)
Pmn = e kT
where Pn, is the probability that the current state m is changed into the new state n, k is the
Boltzmann constant and T is temperature.
Lastly, the method to compute the free energy of binding is needed. In this thesis, we used the
Blue-Moon Ensemble method,65 ,66 which has been used to calculate the free energy of various
systems. 67-76 This method employs constrained molecular simulations that use holonomic
constraints to confine the system to the hypersurface with a constant prescribed order parameter,
and it allows us to compute the gradient of the free energy (the mean force) associated with the
66Freaction coordinate. The gradient of the free energy for each constraint (-) is given by65:
aF
z - (bj(x)-V -kBT Vbj(X))q(x)=z
where F is free energy, z is a constraint, V is potential energy, k is the Boltzmann constant, T is
temperature and bj(x) is given by:
b !(x)= .
Q' is given by:
where {/} is an orthonormal basis in the subspace spanned by { Vq (x) II constructed by Gram-
Schmidt orthogonalization.
Adsorption Locator and the Blue-Moon Ensemble method were chosen mainly because of their
compatibility with the modules and the force field in Materials Studio as well as their
compatibility with the system where a small molecule binds to a polymer in a solvent.
2.5 Preferential interaction coefficient
To measure the binding affinity of many molecules, the preferential interaction coefficient of
small molecules to a surface was used in this thesis. The preferential interaction coefficient is a
thermodynamic quantity that measures the excess number of small molecules in the vicinity of
the surface (local domain) as compared to the bulk (bulk domain). It was computed for various
systems involving small molecules and proteins. 1'77-79 Developed by Banes and Trout,"' the
method for the calculation of the preferential interaction coefficient is based on a statistical
mechanical approach as applied to an all-atom model with no adjustable parameter. Without a
priori information about any binding sites on the protein, the method was originally used to
compute the number of bound molecules to protein. The preferential interaction coefficient (T) of
small molecules to a protein is given by:
F23= ( n'- n ),
where nj is the number of molecules of species j in domain i. The angle bracket( )stands for
ensemble average. Subscripts 1, 2, 3 represent water (solvent), protein, and small molecule,
respectively. Superscripts I, H represent the bulk and local domain, respectively. The positive
value of F23 indicates a favorable interaction because the concentration of small molecules in the
local domain of protein is higher than that in the bulk domain. On the contrary, the negative
value of F23 indicates an unfavorable interaction because the concentration of small molecules in
the local domain of protein is lower than that in the bulk domain.
The definition of the instantaneous preferential interaction coefficient (I 23 (rt)) was recently
modified by Shukla et al. 77 to incorporate the effect of movement of solvent and small molecules
in and out of the local domain of the surface. This modified formula is given by:
F2 3 (r, t) = n3(r, t) - ni(r, t) n 3 -n 3 MO
where 1 is water (reference solvent), 2 is protein, 3 is small molecule, r is the distance from the
protein surface, t is time, ni is the total number of water molecules, and n3 is the total number of
small molecules. This modified formula was used in this thesis.
Chapter 3
Free Energy of Binding of a
Small Molecule to an
Amorphous Polymer in a
Solvent: Methodology
Development
44
3. Free Energy of Binding of a Small Molecule to an Amorphous
Polymer in a Solvent: Methodology Development
As mentioned in chapters 1 & 2, amorphous polymers have been used in controlling
crystallization, which usually starts with heterogeneous nucleation on a foreign surface. The
complicated mechanism of heterogeneous nucleation is not well understood, but we hypothesize
that there might be a possible correlation between binding affinity to a surface and nucleation
enhancement. To the best of our knowledge, there have not been any attempts to compute
quantitatively the free energy of binding of a small molecule to the surface of an amorphous
polymer in a solvent. Nor has there been any attempt to characterize the binding
sites/conformations of this system at a molecular level, although the free energies of binding of
small molecules to biopolymers, especially proteins, in water have been widely calculated in
various systems.
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In this Chapter, we developed a two-step approach, first using Adsorption Locator Module of
Materials Studio3 9 to identify probable binding sites and molecular dynamics to screen for the
best binding sites, and then using the Blue-Moon Ensemble method65'66 to compute the free
energy of binding. Adsorption Locator implements simulated annealing using the Metropolis
Monte Carlo method,62-64 and it has been used to investigate the adsorption of a small molecule
to various surfaces.58-61 The Blue-Moon Ensemble method has been used to calculate the free
energy of various systems. 67-76 It employs constrained molecular simulations that use holonomic
constraints to confine the system to the hypersurface with a constant prescribed order parameter,
and it allows one to compute the gradient of the free energy (the mean force) associated with the
reaction coordinate. 66 Adsorption Locator and the Blue-Moon Ensemble method were chosen
mainly because of their compatibility with the modules and the force field in Materials Studio as
well as their compatibility with the system where a small molecule binds to a polymer in a
solvent.
The system of ethylene glycol binding to PVA in D20 is used as a model and for validation
because the experimental free energy of binding exists on a related system. 80 The experimental
free energy of binding was computed from the binding constant of ethylene glycol with PVA in
aqueous solutions and gels as measured by NMR spectroscopy, where the PVA concentration
was varied. This binding constant involves all possible binding events of ethylene glycol at the
indentation binding sites and hole-beneath-a-surface binding sites of PVA.
Using our approach, we generated four independent surfaces of PVA, identified reasonable
binding sites, and computed the free energy of binding of the three best indentation binding sites.
To our knowledge, our study is a first attempt to compute the free energy of binding of a small
molecule to an amorphous polymer in a solvent. Our approach offers a way to compute the free
energy of binding and characterize the binding sites/conformations. Moreover, it is general
enough to apply to other small molecule/amorphous polymer/solvent systems. It is worth
mentioning that once the binding sites are identified, our procedure can also be used to compute
the free energy of binding of other bound products, including clusters and full layers, using other
free energy methods that are compatible with the system.
3.1 Computational Details
The polymer consistent force field81 82 (PCFF) as applied in Materials Studio (distributed by
Accelrys) was used throughout this study. The group-based method with a 12.5 A' cutoff was
used to compute the nonbonded interactions. A time step of 1 fs was used in all simulations. All
the minimization steps were carried out using the steepest descent method (until the derivative
reaches 1,000 kcal/mol A') and followed by the conjugate gradient method (until the derivative
convergences to 0.01 kcal/mol A' or the total number of steps reaches 5,000). The errors of all
calculated properties were estimated by using the method described by Allen and Tildesley.83
3.1.1 Force Field Validation
3.1.1.1 PVA
The Amorphous Cell Module of Materials Studio described elsewhere40' 84 was used to build an
atactic PVA structure with a density of 1.293 g/cm 3. This density is the experimental measured
density of atactic PVA at room temperature. 85,86 To find the minimum size that is sufficient to
represent the real polymer chain, solubility parameters of the chosen repeating units were
calculated until further increase in the repeating unit does not change the values of the solubility
parameters. 87'88 Three independently constructed PVA structures in the cubic box with the
lengths of about 27 A were minimized, equilibrated for 100 ps and further run for 100 ps under
NVT condition to compute the solubility parameter. The trajectory was saved every 0.5 ps.
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Figure 3-1: Computed solubility parameter vs the repeating units of PVA. Solubility parameter
curve levels off and varies within a narrow range beyond 50 repeating units.
The solubility parameter curve levels off and varies within a narrow range beyond 50 repeating
units (Figure 3-1). In this study, the chain length of 90 was further used to create a PVA layer in
3.1.2.1. The calculated solubility parameters (from three independent runs) agree with the
experimental values, which are in the range of 12.6 - 14.2 (cal/cm 3)1/2 . 89
3.1.1.2 Ethylene glycol
Three cubic boxes with the lengths of about 26 A of ethylene glycol were created and then
minimized. The solvent boxes were equilibrated for 100 ps and further run for 100 ps to compute
the density or heat of vaporization. The trajectory was saved every 0.5 ps. For density
calculation, the NPT ensemble at 298.15 K and 1 atm was used. For heat of vaporization
calculation, the NVT ensemble at 298.15 K was used. Pressures were controlled using the
Berendsen barostat90 , and temperatures were controlled using the Anderson thermostat. 91 The
heat of vaporization was computed using the formula92:
(E(l))
AHa, =(E(g))- + RT,
N
where E(g) and E() represent the gas and liquid potential energies, respectively. N is the number
of molecules in a solvent box. E(g) is computed from the potential energy of one molecule from
a 100 ps vacuum simulation in the NVT ensemble (after 100 ps equilibration). The calculated
density and heat of vaporization are in reasonable agreement with the experimental values as
shown in Table 3-1.
Table 3-1: The calculated density and heat of vaporization of ethylene glycol are in reasonable
agreement with the experimental values.
density (g/cm 3) heat of vaporization (kcal/mol)
exp cal Sd diff (%) exp cal Sd diff (%)
1.11 1.05 0.01 -5.00 15.27 15.11 0.10 -3.45
3.1.1.3 D20
The density and heat of vaporization were calculated with the procedure similar to that of
3.1.1.2. Due to the fact that the difference of the experimental and calculated density using the
original PCFF parameters is lower than 5%, the vdW radius of 0 was scaled with various factors
to help improve the agreement with the experimental density and heat of vaporization. The factor
of 0.98 gives the best agreement between the calculated and experimental values as shown in
Table 3-2, and this factor was used in subsequent simulations.
Table 3-2: The scaling factor of 0.98 of the vdW radius of 0 gives the best agreement between
the calculated and experimental density and heat of vaporization.
scaling factor of the density (g/cm 3) heat of vaporization (kcal/mol)
vdW radius of 0 exp cal sd diff exp cal sd diff
(%) (%)
1 1.1044 1.0288 0.0005 -6.85 10.87 10.05 0.02 -7.59
0.99 1.1044 1.0674 0.0005 -3.35 10.87 10.24 0.02 -5.75
0.98 1.1044 1.1149 0.0006 0.95 10.87 10.57 0.02 -2.78
0.97 1.1044 1.1641 0.0006 5.40 10.87 10.89 0.02 0.21
0.95 1.1044 1.2626 0.0006 14.33 10.87 11.76 0.02 8.15
3.1.2 Approach to compute the free energy of binding.
An overview of the approach is shown in Scheme 3-1. First, a polymer layer and a solvent
layer are constructed. They are then combined and equilibrated at 600 K (for better relaxation of
the system) and at 298.15 K to capture the effects of the solvent on the structure of polymer. The
polymer and solvent layer are then separated. Adsorption Locator is used to identify probable
binding sites for a small molecule on the polymer. The solvent layer is then put back to the
system, and the whole system is equilibrated at 298.15 K to screen for the best binding sites
where a small molecule stays at the binding sites. Finally, the free energy of binding of the best
binding sites is computed using the Blue-Moon Ensemble method.
Scheme 3-1 : Overview of the approach to compute the free energy of binding of a small
molecule to an amorphous polymer in a solvent.
I.Construction of a polymer layer Construction of a solvent layer
Combination and high/ room temperature equilibration of a polymer and a solvent layer to
incorporate the effects of the solvent on the polymer layer
At ____
Identification of probable binding sites on the a solvent layer
polymer layer
Equilibration of the system in the solvent to screen for the binding sites where a small
molecule stays at the binding sites.
Calculation of the free energy of binding of a small molecule/polymer/solvent system
3.1.2.1 Generation and identification of reasonable binding site models.
Four PVA layers with the sizes of about 30 x 30 x 56.5 A were independently constructed
using Amorphous Cell. The Amorphous Cell Module has been used to generate a structure of
PVA in solution/gel by various studies. 93-95 To model the interface between D2 0 and the PVA
surface, the D20 layer with the size of about 30 x 30 x 45 A was constructed and was put on top
of each of the PVA layers. To help capture the effects of the solvent on the structure of the
polymer surface and equilibrate the whole system, the PVA and solvent layer were combined,
minimized, and equilibrated in the NVT ensemble at 600 K for 500 ps (for better relaxation of
the systems) and at 298.15 K for 1 ns. After solvent equilibration, we observed that many D 20
molecules get inside PVA. The PVA and solvent layers were then separated.
To dock one ethylene glycol molecule to the PVA surface, the Adsorption Locator Module of
Materials Studio was used. Adsorption Locator implements simulated annealing using the
Metropolis Monte Carlo method to sample the search space during which the temperature is
gradually decreased. In this study, the automated temperature control was employed, and 100
temperature cycles were used for each run. The structures within 10 kcal/mol of the minimum
were reported. For each surface, the docking calculations were run for 10 times (total of 200-300
structures).
The resulting docked conformations were clustered by area.96 They were first ranked according
to their binding scores (the lower the binding score, the better the binding affinity). The ethylene
glycol conformation with the best binding score was used as the first reference, and all
conformations with a center of mass whose distance to the center of mass of the reference was
<= 4.7 A' were put in the first class. The process was then repeated for all unclassified
conformations until every conformation belonged to a class. The cutoff value of 4.7 A' is about
two times the longest distance from the center of mass of the minimized conformation of
ethylene glycol to the farthest atom from the center of mass. This cutoff value was chosen to be
larger than the sum of the longest distance and the vdW radius of the farthest atom to make sure
that the clusters are not too close to each other.
3.1.2.2 Calculation of the free energy of binding.
The Blue-Moon Ensemble method was used to compute the free energy of binding. It involves
constraining a molecule at various distances from the surface. The gradient of the free energy for
each constraint (-) is given by6 :
aF
=(b;(x) -VV -kBT Vbj (X)q(x)=z (3-1)
where F is free energy, z is a constraint, V is potential energy, k is the Boltzmann constant, T is
temperature and bj(x) is given by:
b (x) Q'Vq(x)b;(x)= .x
Q' is given by:
QV=I- I /W(x)@ W(x)
ktj
where {/} is an orthonormal basis in the subspace spanned by { Vqk (x) } constructed by Gram-
Schmidt orthogonalization.
F can then be calculated by approximating the line integral along the tangent vector of li using
the following equation:
(3-2)VF -t da ~ (VFi + VFi+1 ) - (ji+1 - ij)
where VFi is
8F1 8F,
, z2  ,* ) and 1i is (z ,
az2 Y z3
z2 , zs), for 3 constraints as implemented in our
approach. t is the tangent vector along Ii.
ilFi
azi
To constrain the distance between the ethylene glycol molecule and the PVA surface in the +z
direction perpendicular the surface, three dummy atoms were created and arranged in an
equilateral triangle where each dummy atom was 1 A' from the geometric center (centroid) of
the triangle. The centroid was directly below C2 of ethylene glycol (C2 is the closest atom to the
center of mass of ethylene glycol). The three dummy atoms were fixed at the same z coordinate
as that of the center of mass of the PVA surface. The distances between C2 of ethylene glycol
and the three dummy atoms were constrained using the RATTLE 97 algorithm during molecular
simulations.
Moreover, the atoms in the bottom half (z coordinate below that of the center of mass) of the
PVA surface were fixed to prevent any upward or downward movement of the PVA surface that
OF
would have introduced errors to the calculation of T-. The atoms in the bottom half of the PVA
surface were too far to contribute any nonbonded interactions to the ethylene glycol molecule.
Fixing them further helps speed up the simulations. A snapshot of a typical setup for free energy
of binding calculation is shown in Figure 3-2.
A B
Figure 3-2. A typical setup for free energy of binding calculation. Ethylene glycol and the three
dummy atoms are shown in vdW representation. The PVA surface and D20 are shown in line
representation. Carbons are shown in grey. Oxygens are shown in red. Hydrogens are shown in
white (A) The whole system of ethylene glycol, the PVA surface, D20, and the three dummy
atoms. (B) The distance constraints (green) between C2 of ethylene glycol and the three dummy
atoms.
At various constrained distances (starting from the distance where ethylene glycol is in the
binding site found by Adsorption Locator), the systems were first minimized while applying a
harmonic constraint on the three distances between the three dummy atoms and C2 of ethylene
glycol. In the NVT ensemble at 298.15 K with the Nose-Hoover thermostat, 98 ~100 the systems
were equilibrated for 1 ns and further run for 3 ns with the RATTLE constraint on these three
distances. The trajectory was saved every 1 ps.
F
The values of - of all systems were then calculated from the 3 ns trajectories using equation
OF(1). The values of the free energy were obtained by approximating the line integral of - along
the tangent vector of li, using equation (2), from the binding site, as identified by Adsorption
Locator, to the end distance, where ethylene glycol is completely in solution and is too far to
interact with the surface. The free energy of binding was then approximated from the difference
of the free energy of the system at the minimum, and that of the midpoint of the last fluctuation
of the free energy in solution. In this study, we used a constrained distance interval of 1 A,
which should yield an accurate free energy profile
3.2 Results and Discussions
3.2.1 Generation and identification of reasonable binding site models.
Adsorption Locator identified a total of 36 probable binding sites models from these four
independently constructed PVA surfaces. Binding sites were divided into two categories: a hole
beneath a surface and an indentation on a surface. A binding site is defined to be a hole-beneath-a-
surface binding site if more than 50% of ethylene glycol atoms at the binding site are covered
underneath the polymer surface as visually inspected along the z axis perpendicular to the surface.
The characteristic of each site was quantified by the number of polymer atoms (carbon, oxygen,
hydroxyl hydrogen, hydrogen) and the number of polar and non-polar atoms that are close
enough to interact with ethylene glycol. A distance of 3.6 A', the average distance of vdW
interactions, was used as a cut off. The number of times the binding site was found (the number
of conformations that were found at the binding site and clustered together) was reported to show
the frequency that the binding site was found. The binding score of the best conformation of each
site was also reported to show the binding affinity as approximated by Adsorption Locator. The
binding sites of each surface were named and sorted according to the number of times the
binding site was found, starting from the site that was found the most often to the site that was
rarely found.
Figure 3-3. Major binding sites on surface A, as identified by Adsorption Locator. Ethylene
glycol is shown in stick representation. The PVA surface is shown in surface representation with
transparent color. Carbons are shown in green. Oxygens are shown in red. Hydrogens are shown
in white.
Table 3-3: The characteristics of the binding sites on surface A, as identified by Adsorption
Locator.
number of polymer atoms that are
within 3.6 A0 of ethylene glycol number of binding score of
binding times the the best characteristic
site polar non- binding conformation in of the binding
C OH HO H atoms polar site is the site site
(%) atoms found (%) (kcal/mol)(%)
Al 18 11 12 18 39.0 61.0 28.0 -28.2 hole
A2 18 11 12 18 39.0 61.0 23.7 -25.3 indentation
A3 24 11 12 26 31.5 68.5 19.7 -25.0 hole
A4 16 11 10 32 30.4 69.6 7.2 -24.4 hole
A5 7 6 4 12 34.5 65.5 4.9 -21.0 indentation
A6 28 20 21 49 34.7 65.3 3.9 -23.6 hole
A7 11 9 9 12 43.9 56.1 3.9 -20.8 indentation
A8 13 8 9 15 37.8 62.2 3.0 -22.6 indentation
A9 3 4 4 4 53.3 46.7 2.3 -21.4 indentation
AlO 14 10 9 20 35.8 64.2 2.3 -19.8 indentation
All 8 4 3 9 29.2 70.8 0.3 -19.2 indentation
A12 7 6 5 16 32.4 67.6 0.3 -19.0 hole
A13 3 2 3 4 41.7 58.3 0.3 -18.3 indentation
The total number of 304 conformations was found on surface A. These conformations were
clustered into 13 binding sites as shown in Table 3-3 and Figure 3-3. A1, A3, A4, A6 and A 12
are hole-beneath-a-surface binding sites. A2, A5, A7-A 11 and A13 are indentation binding sites.
Table 3-3 shows that Adsorption Locator prefers binding sites with a large number of polymer
atoms (C, OH, HO and H) that can interact with ethylene glycol through vdW, electrostatic and
hydrogen bonds. For the binding sites that found more than 1%, the number of polar atoms at the
sites range from 30 - 53%.
Figure 3-4. Major binding sites on surface B, as identified by Adsorption Locator. Ethylene
glycol is shown in stick representation. The PVA surface is shown in surface representation with
transparent color. Carbons are shown in green. Oxygens are shown in red. Hydrogens are shown
in white.
Table 3-4: The characteristics of the binding sites on surface B, as identified by Adsorption
Locator.
number of polymer atoms that are number of binding score of
binding within 3.6 A of ethylene glycol times the the best characteristic
site polar non- binding site conformation in of the
C OH HO H atoms polar is found the site binding site
(%) atoms (%) (kcal/mol)(%)
B1 26 18 19 30 39.8 60.2 84.9 -34.1 hole
B2 9 9 10 13 46.3 53.7 12.8 -28.8 hole
B3 10 7 4 18 28.2 71.8 1.7 -23.4 hole
B4 7 3 4 10 29.2 70.8 0.6 -22.5 indentation
The total number of 179 conformations was found on surface B. These conformations were
clustered into 4 binding sites as shown in Figure 3-4 and Table 3-4. B1, B2 and B3 are hole-
beneath-a-surface binding sites. B4 is an indentation binding site. For the binding sites that found
more than 1%, the number of polar atoms at the sites range from 28 - 47%.
Figure 3-5. Major binding sites on surface C, as identified by Adsorption Locator. Ethylene
glycol is shown in stick representation. The PVA surface is shown in surface representation with
transparent color. Carbons are shown in green. Oxygens are shown in red. Hydrogens are shown
in white.
Table 3-5: The characteristics of the binding sites on surface C, as identified by Adsorption
Locator.
number of polymer atoms that are binding score of
within 3.6 A* of ethylene glycol number of the best characteristicbinding polar non- bing te conformation in of the
C OH HO H atoms polar binding site the site binding site
(%) atoms is found (%) (kcal/mol)(%)
C1 19 14 14 16 44.4 55.6 68.2 -33.6 indentation
C2 13 10 9 21 35.8 64.2 11.9 -25.1 hole
C3 13 12 14 17 46.4 53.6 8.8 -30.1 hole
C4 12 8 9 11 42.5 57.5 7.7 -24.6 hole
C5 19 15 16 20 44.3 55.7 5.7 -29.5 hole
C6 11 7 6 12 36.1 63.9 3.8 -26.8 indentation
C7 10 8 11 14 44.2 55.8 0.4 -26.3 hole
C8 4 5 6 6 52.4 47.6 0.4 -23.7 indentation
C9 7 7 7 9 46.7 53.3 0.4 -23.5 hole
The total number of 282 conformations was found on surface C. These conformations were
clustered into 9 binding sites as shown in Figure 3-5 and Table 3-5. C2, C3, C4, C5, C7 and C9
are hole-beneath-a-surface binding sites. Cl, C6 and C8 are indentation binding sites. For the
binding sites that found more than 1 %, the number of polar atoms at the sites range from 35 -
47%.
Figure 3-6. Major binding sites on surface D, as identified by Adsorption Locator. Ethylene
glycol is shown in stick representation. The PVA surface is shown in surface representation with
transparent color. Carbons are shown in green. Oxygens are shown in red. Hydrogens are shown
in white.
Table 3-6: The characteristics of the binding sites on surface D, as identified by Adsorption
Locator.
number of polymer atoms that are within number of binding score
3.6 A* of ethylene glycol times the of the best characteristicbinding polar non-polar binding conformation of the binding
site C OH HO H atoms atoms site is in the site site
(%) (%) found (%) (kcal/mol)
D1 33 17 18 44 31.3 68.8 35.1 -29.6 hole
D2 18 13 14 26 38.0 62.0 16.6 -30.6 hole
D3 11 4 5 13 27.3 72.7 12.9 -22.8 indentation
D4 24 8 7 28 22.4 77.6 9.4 -26.8 hole
D5 6 9 7 11 48.5 51.5 9.4 -24.1 indentation
D6 8 10 10 12 50.0 50.0 8.3 -23.4 indentation
D7 9 5 5 11 33.3 66.7 5.7 -21.0 indentation
D8 17 13 11 24 36.9 63.1 3.8 -28.3 hole
D9 8 10 9 13 47.5 52.5 0.8 -20.6 indentation
D1O 7 4 4 10 32.0 68.0 0.4 -19.7 indentation
The total number of 272 conformations was found on surface D. These conformations were
clustered into 10 binding sites as shown in Figure 3-6 and Table 3-6. Dl, D2, D4, and D8 are
hole-beneath-a-surface binding sites. D3, D5, D6, D7, D9 and D10 are indentation binding sites.
For the binding sites that found more than 1 %, the number of polar atoms at the sites range from
22-50%.
Table 3-7: Three best binding site models pass the selection criteria.
number of
selection rule binding
sites
total 36
found more than 1 % 27
not completely covered underneath the surface 18
stays at the binding site after solvent equilibration 9
not completely covered underneath the surface after solvent equilibration: C1, C4 and D6 3
The total of 36 binding sites were identified by Adsorption Locator; however, not all binding
site models are good candidates because of the limitation of the Adsorption Locator Module.
During the docking calculations, Adsorption Locator fixes a polymer surface, and solvent
molecules are not included explicitly. It is necessary to apply selection criteria that incorporate
dynamics into the polymer surface and include solvent molecules explicitly. We used the
assumption that if a binding site is a good one, ethylene glycol will bind and stay at this site after
solvent equilibration. Therefore, we equilibrated all the binding site models with the solvent and
screened for the binding sites, where ethylene glycol stays at the sites after solvent equilibration.
Moreover, we focused on the indentation binding sites because ethylene glycol can easily
access these sites and does not have to overcome large free energy barriers to bind to these sites.
We also select out only the binding sites models that were found more than 1% on a surface.
After applying these selection criteria, we found three best binding sites: C 1, C4 and D6 (Table
3-7). The free energy of binding of these best binding sites was later computed, as reported
Section 3.2.2.
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Figure 3-7. Binding sites Cl, C4 and D6 before and after solvent equilibration.
Figure 3-7 shows the binding sites C1, C4 and D6 before and after solvent equilibration. For
the binding site Cl, a minor structural change of the polymer surface was observed, specifically
the polymer chain above ethylene glycol extended horizontally. A large structural change of the
polymer surface was observed for the binding site C4. The polymer chain above ethylene glycol
moved upward and exposed ethylene glycol to the solvent. In the case of the binding site D6, the
polymer surface underneath ethylene glycol underwent a conformational change and gradually
formed a socket-liked indentation. At the beginning, the size of the opening of this indentation
was large enough for the ethylene glycol molecule to get inside. Over time, the size of the
opening of this indentation became smaller as the ethylene glycol molecule went deeper into the
C4
PVA surface. At the end of solvent equilibration, it became difficult for the ethylene glycol
molecule to get out of this indentation.
3.2.2 Free energy of binding
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Figure 3-8. Free energy profile of the binding site Cl along the distance constraint.
Figure 3-9. The binding site C1. Side view (left) and top view (right).
The value of the free energy at the binding site is defined to be the difference between the
energy in the bulk and that at the minimum of the free energy profile. The value of the free
energy in solution is defined to be the midpoint of the last fluctuation of the free energy in
solution. The fluctuation around 45 A' is within statistical error. The free energy of binding is
then approximated from the free energy difference of the free energy at the binding site and that
in solution as shown in Figure 3-8. The free energy of binding at the binding site Cl is
approximated to be -7.4 0.6 kcal/mol. The side view and the top views of the binding site Cl
are shown in Figure 3-9.
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Figure 3-10. Free energy profile of the binding site C4 along the distance constraint.
Figure 3-11. The binding site C4a (left) and C4p (right). Side view (top) and top view (bottom).
There are two minima at the binding site C4 as shown in
Figure 3-10. C4a is the binding site originally found by Adsorption Locator, where the ethylene
glycol molecule is immersed in the surface, while C4p is the binding site, where the ethylene
glycol molecule is at the top of the surface as shown in Figure 3-11. The free energy of binding
at the binding site C4a and C4p are approximated to be -8.1 ± 0.8 and -6.5 ± 0.9 kcal/mol.
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Figure 3-12. Free energy profile of the binding site D6 along the distance constraint.
Figure 3-13. The binding site D6. Side view (left) and top view (right).
At the starting constraint value of 28.64 A', the ethylene glycol molecule became stuck inside
the socket-liked indentation on the polymer surface as shown in Figure 3-14. This indentation
was gradually formed due to the conformation change of the polymer surface underneath the
ethylene glycol molecule during solvent equilibration. At the beginning, the size of the opening
of the indentation was large enough for the ethylene glycol molecule to get inside but after 1 ns
equilibration the size of the opening became smaller as the ethylene glycol molecule went deeper
into the surface. Moreover, the flexible polymer chains above this indentation wiggled and
further prevent the ethylene glycol molecule to get out of this indentation. As a result, it was
difficult to pull the ethylene glycol molecule out of this indentation, resulting in the high value of
the free energy as compared with that in solution. Therefore, the minimum at 32.64 A' is defined
to be the binding site, where the ethylene glycol molecule is at the top of the surface as shown in
Figure 3-12. The free energy of binding at the binding site D6 is approximated to be -4.8 0.7
kcal/mol. The side view and the top views of the binding site D6 are shown in Figure 3-13.
Figure 3-14. At the starting constraint value of 28.64 A', the ethylene glycol molecule became
stuck inside the socket-liked indentation after solvent equilibration. Ethylene glycol is shown in
vdW representation, and PVA is shown in surface representation.
Table 3-8: Free energy of binding of the best binding sites and the experimental value.
binding site free energy of binding(kcal/mol)
experimental value -4.4
C1 -7.4 ±0.6
C4:ca -8.1 ±0.8
C4:fp -6.5 ±0.9
D6 -4.8± 0.7
With no crystal structure and no experimental data on binding sites and conformations, our
procedure was able to generate reasonable models of binding sites and conformations with free
energies of binding within 0.4 - 3.7 kcal/mol of the experimental values, as shown in Table 3-8.
The calculated values are of the binding of an ethylene glycol molecule to the indentation
binding site where the nearby areas are not already occupied. Table 3-8 shows that the
magnitudes of the calculated free energy of binding are consistently larger than that of the
experimental value. This trend is probably caused by the fact that the calculated values are of the
best binding site models as identified by our approach, while the experimental value is an
ensemble average of the free energy of binding of all the possible binding interactions of
ethylene glycol to PVA in D20. This experimental value was calculated from the binding
constant of ethylene glycol with PVA in aqueous solutions and gels as measured by NMR
spectroscopy, where the concentration of PVA was varied. 80 At equilibrium, various possible
binding events could occur such as the binding of the ethylene glycol molecule at the binding site
where the nearby areas are not already occupied, the binding of the ethylene glycol molecule at
the binding site where other molecules already occupied the nearby areas, the binding of the
ethylene glycol molecule on top of other ethylene glycol molecules that already bound at the
binding site, etc. Moreover, these binding sites can be indentation binding sites or hole-beneath-
a-surface binding sites. Our calculated values are limited to the best models of the indentation
binding sites that we found, where the ethylene glycol molecule can easily access these sites and
does not have to overcome a large free energy barrier. The above mentioned reasons probably
cause the magnitudes of the free energy of binding of our models to be higher than that of the
experimental value.
3.3 Conclusions
To compute the free energy of binding of a small molecule to an amorphous polymer in a
solvent, we developed a two-step approach, first using Adsorption Locator to identify reasonable
binding sites and molecular dynamics to screen for the best binding sites, and then using the
Blue-Moon Ensemble method to compute the free energy of binding. For the ethylene
glycol/PVA/D 20 system, our procedure generated three reasonable models of indentation
binding sites. We compared the free energy of binding of these systems with that of the closest
system for which experimental data on binding energetics exists, ethylene glycol on PVA in
aqueous solutions/gels, and the magnitudes of the free energy of binding to the three best
indentation binding sites are close to that experimental value, 0.4 - 3.7 kcal/mol higher.
Our approach offers a way to generate reasonable models of binding sites, characterize the
binding sites/conformations, and approximate the free energy of binding of these sites.
Moreover, it is general enough to apply to other small molecule/amorphous polymer/solvent
systems. In Chapter 4, we will report the results from using this approach to investigate the
possibility of using the free energy of binding to the best binding sites to help guide the selection
of polymers that promote heterogeneous nucleation.
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4. Binding Affinity of a Small Molecule to Crosslinked Polymers in a
Solvent: Free Energy of Binding to a Binding Site
This Chapter aims to investigate the possibility of using binding affinity to help guide the
selection of polymers that promote heterogeneous nucleation. Specifically, we aim to investigate
the possibility of using the binding affinity of one molecule to the best binding site on the
polymer surface to help guide the selection of a polymer. In Chapter 5, we will investigate the
possibility of using the binding affinity of many molecules to a polymer surface to help guide the
selection of a polymer.
In this study, the free energy of binding of a small molecule to a polymer is used to measure
the binding affinity of one molecule to a binding site. The free energy of binding was computed
using the two-step approach developed in Chapter 3. In the first step, Adsorption Locator
Module of Materials Studio3 9 was used to identify probable binding sites, and molecular
dynamics was employed to screen for the best binding sites. In the second step, the Blue-Moon
Ensemble method 65'66 was used to compute the free energy of binding. To the best of our
knowledge, there have not been any attempts to compute the free energy of binding of a small
molecule to the surface of crosslinked polymers in a solvent. Nor have there been any attempts to
investigate the possibility of using the binding affinity to help guide the selection of polymers
that promote heterogeneous nucleation.
We used the systems of aspirin binding to non-porous crosslinked PAM, PCEA, PHBA and PS
in ethanol-water 38 v% mixture because these systems have heterogeneous nucleation activity
available as previously mentioned.' 0 We generated three independent surfaces for each polymer
and computed the free energy of binding to the best site of each surface. The trend of the
magnitudes of the average free energies of binding to the best binding sites of each polymer was
then compared to the ranking of heterogeneous nucleation activity. To our knowledge, our study
is a first attempt to compute the free energy of binding of a small molecule to a crosslinked
polymer in a solvent, and to investigate the possibility of using the free energy of binding to help
guide the selection of polymers promoting heterogeneous nucleation.
4.1 Computational and Experimental Details
As applied in Materials Studio (distributed by Accelrys), the polymer consistent force fields1, 82
(PCFF) was used in all simulations in this study. To compute the nonbonded interactions, the
group-based method with a 12.5 A' cutoff was used. In all simulations, a time step of 1 fs was
used. In this study, the minimization steps were done using the steepest descent method (until the
derivative reaches 1,000 kcal/mol A') and then by the conjugate gradient method (until the
derivative convergences to 0.01 kcal/mol A' or the total number of steps reaches 5,000). The
method described by Allen and Tildesley8 3 was used to compute the errors of all calculated
properties.
4.1.1 Force Field Validation
4.1.1.1 Aspirin. A system size of 3 x 4 x 3 (34.29 x 26.36 x 34.185 A0 ) geometry was built from
the crystal structure as reported by Kim et al. 10 and was then minimized. Under NPT (295.18 K
and latm) condition with Anderson thermostat 9' and Parrinello barostat 0 2, the system was
equilibrated for 50 ps and further run for 100 ps to collect the data. The trajectory was saved
every 0.5 ps. The lattice parameter and the lattice energy were calculated. The calculated values
compare well to the experimental data, as shown in Table 4-1. The molecular structure of aspirin
is show in Figure 4-1.
Table 4-1: Calculated lattice parameters and lattice energy of aspirin are in reasonable
agreement with the experimental values.
lattice parameter lattice energy
a b C a p y (kJ/mol)
Exp 11.43a 6.59 a 11.395 a 90.00 a 95.68 a 90.00 a -114.70 b
Cal 11.81 6.53 11.402 90.01 93.94 90.03 -119.19
Sd 0.004 0.002 0.002 0.011 0.031 0.022 0.20
diff(%) 3.34 -0.92 0.06 0.01 -1.81 0.04 3.91
a 101 b c- UT
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4.1.1.2 Water and ethanol. For each solvent, three cubic boxes (- 26 A') were created and then
minimized. To compute the density or heat of vaporization, these solvent boxes were
equilibrated for 100 ps and further run for 100 ps. The trajectory was saved every 0.5 ps. To
compute the density of the systems, the NPT ensemble at 298.15 K and 1 atm was used. To
compute the heat of vaporization of the systems, the NVT ensemble at 298.15 K was used. The
Berendsen barostat 10 was used to control pressures. The Anderson thermostat91 was used to
control temperatures. The heat of vaporization was computed using the formula 92
(E(l))
AHvap = (E(g)) - N + RT,N
where E(g) and E(l) are the gas and liquid potential energies, respectively. In the NVT ensemble,
E(g) is the average potential energy of one molecule from a 100 ps vacuum simulation (after 100
ps equilibration). N represents the number of molecules in a solvent box. The values of the
calculated density and heat of vaporization are in reasonable agreement with the experimental
values shown in Table 4-2.
Table 4-2: Calculated values of the density and heat of vaporization of ethanol and water
are in reasonable agreement with the experimental values.
density (g/cm 3) heat of vaporization (kcal/mol)
Solvent
exp cal sd diff (%) exp cal sd diff (%)
Water 0.9971a 0.9861 0.0006 -1.10 10.51a 10.04 0.02 -4.52
Ethanol 0.7851' 0.7802 0.0005 -0.63 10.lla 9.76 0.07 -3.45
a Experimental values of density of water, and the heat of vaporization of water and ethanol are
from ref. 105 b Experimental value of density of ethanol is from ref. 106
4.1.1.3 Crosslinked polymers. The non-porous crosslinked polymers were constructed based on
the approach by Yarovsy et al.43 in which we modified to better suit the crosslinked PAM,
PCEA, PHBA and PS system. For each polymer, three cubic boxes of the mixture of monomers
and DVB crosslinkers with the size of about 26-27 A at an experimental ratio of 2:1 (meta-
DVB: para-DVB = 2.3:1) and experimental density were constructed using the Amorphous Cell
40,84Module of Materials Studio described elsewhere. There were 66 monomer molecules, 23
meta-DVB molecules, and 10 para-DVB molecules in the system. The structures of AM, CEA,
HBA, S, meta-DVB, and para-DVB are shown in Figure 4-1. The systems were minimized and
equilibrated in the NVT ensemble at 600 K for 100 ps and at 298.15 K for 200 ps. The mixtures
were analyzed to identify the reactive sites in close proximity (within a specific cutoff), and these
sites were considered to be the most probable sites to take part in the crosslinking reactions.
Scheme 4-1 shows four possible radical products from two reactant species, and the reactivity
order is given to each product based on the steric considerations and the stability of the
product/intermediate (2' radical is more stable than 1 radical). First, an initiator (I-) can attack a
reactive specie at the tail side or the head side. Attacking at the tail side is more favorable
because there are less steric effects, and a more stable radical is generated. The radical can then
attack another reactive specie at the tail side or the head side. As previously mentioned, attacking
at the tail side is more favorable. In the end, four possible radicals are produced, and these
radicals are named according to the sites that are attacked in the two steps.1 The most likely
generated radical is Tail-Tail (TT), which is produced through head-to-tail regioselectivity. The
radical products Head-Tail (HT) is the second most likely product because of the following
reasons. HT is more likely than Head-Head (HH) because HT is generated by the attack at the
tail side in the second step. HT is more likely than Tail-Head (TH) because TH is a 1 radical
with severe steric overlap between the two R groups. TH and HH products are given
approximately the same priority because it is not clear which product is more probable. TH is a
1 radical with severe steric overlap between the two R groups, while HH is a 1 radical
generated through a 1 radical intermediate. In any cases, these two products are probably
unlikely. The reactivity order is assigned as follows: TT > HT > TH, HH (Scheme 4-1).
1 It is worth mentioning that this naming convention does not follow the standard naming convention for NMR
purpose.
Scheme 4-1: Four possible radical products resulting from two reactive species and their
reactivity order based on the steric considerations and the stability of the radical. The
reactivity order was assigned as follows: TT > HT > TH, HH.
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In accord with the reactivity order, the reaction sites are "chemically reacted." Within some
cutoff distance, the new bonds are created among the reactive sites. Starting from the shortest
distance of the pairs of the reactive sites, TT radicals are generated in the first round. In the
second round, HT radicals are produced from the pairs of the reactive sites that have not been
"chemically reacted" in the first round. Finally, TH/HH radicals are generated from the pairs of
the reactive sites that have not been "chemically reacted" in the first and second round. In the
end, hydrogen atoms are added to the structures if necessary.
After crosslinking, the systems were then minimized and equilibrated in the NVT ensemble at
600 K for 500 ps and at 298.15 K for 600 ps. The equilibration at 600 K allows better relaxation
of the systems. To further relax the systems before density calculation, the systems were
equilibrated in the NPT ensemble at 1 atm and 600 K for 500 ps and at 298.15 K for 600 ps. To
compute the density, the systems were additionally run for 100 ps in the NPT ensemble at 1 atm
and 298.15 K.
To find an appropriate cutoff that gives a good agreement between the calculated and
experimental density, the cutoff distance for each polymer was varied with 0.5 A0 interval. As
seen in Table 4-3, the cutoff distances of 6.5 A0 , 7 A0 , 5.5 A0 , and 6 A0 give the best agreement
between the calculated and experimental density of crosslinked PAM, PCEA, PHBA and PS,
respectively. These cutoffs were further used to create non-porous crosslinked polymer surfaces
in section 4.1.2.1. As expected, the percentages of crosslinked reactive sites increase as the
cutoff distances increase, and they are in the range of 93-98 %, 93-99%, 87-97, 86-97% for
crosslinked PAM, PCEA, PHBA and PS, respectively. An example of the structure of the
crosslinked PAM generated with the cutoff of 6.5 A0 is shown in Figure 4-2.
Figure 4-2. Snapshot picture of the non-porous crosslinked PAM generated by our procedure
with 6.5 A0 cutoff (stick representation). Carbons are shown in grey. Oxygens are shown in red.
Hydrogens are shown in white. Nitrogens are shown in blue.
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Table 4-3. The calculated density of non-porous crosslinked PAM, PCEA, PHBA and PS
and their percentage of crosslinked reactive sites in monomers and cross-linkers at various
cutoff distances.
cutoff
polymer distance
(A)
PAM 6.0
6.5
7.0
7.5
PCEA 6.0
6.5
7.0
7.5
PHBA
PS
5.0
5.5
6.0
6.5
5.0
5.5
6.0
6.5
percent of crosslinked reactive
sites
monomer
93.2
94.7
96.2
96.2
94.2
95.5
97.2
97.7
89.4
92.7
93.7
93.2
86.9
90.2
91.2
94.2
sd
2.7
0.0
0.8
1.3
1.9
2.0
0.4
2.0
2.0
3.7
3.5
2.6
2.7
0.8
1.7
0.9
cross-
linker
94.2
95.7
95.2
97.2
93.7
95.5
96.7
98.2
87.4
93.7
94.2
96.2
88.9
93.7
95.2
96.2
sd
1.6
0.9
0.4
0.4
1.6
0.8
0.4
1.2
2.7
2.9
1.7
0.0
0.4
1.2
0.9
0.0
density (g/cm3)
exp cal Sd diff
(%)
1.217
1.217
1.217
1.217
1.340
1.340
1.340
1.340
1.184
1.184
1.184
1.184
1.099
1.099
1.099
1.099
1.197
1.226
1.236
1.248
1.314
1.326
1.352
1.392
1.121
1.181
1.204
1.215
1.033
1.093
1.102
1.108
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
-1.57
0.75
1.59
2.58
-1.91
-1.02
0.91
3.92
-5.29
-0.24
1.73
2.61
-6.03
-0.55
0.23
0.80
4.1.2 Approach to compute the free energy of binding.
A detailed approach to compute the free energy of binding is provided in Chapter 3. The
overview of our approach is described briefly here. First, a polymer and solvent layer are
constructed and combined. To capture the effects of the solvent on the polymer structure, the
combined system is equilibrated at 600 K (for better relaxation of the system) and at 298.15 K.
Then, the polymer and solvent layer are detached, and Adsorption Locator is used to identify
probable binding sites on the polymer surface. After the docking calculations, the solvent layer is
put back to the system. To screen for the best binding sites where a small molecule stays at the
binding sites, the whole system is further equilibrated at 298.15 K and minimized. Finally, the
Blue-Moon Ensemble method is used to compute the free energy of binding to the best binding
sites.
4.1.2.1 Crosslinked polymer surfaces. For each non-porous crosslinked polymer, three surface
slabs were constructed and equilibrated using a procedure similar to that described in section
4.1.1.3 with the addition of a potential wall imposed in the z axis of the system (using the
axisrestraint command). A box of the size of about 30 x 30 x 51 A' of the mixture of monomer
and DVB crosslinker molecules at an experimental ratio and density was constructed using
Amorphous Cell. The number of monomers and crosslinkers, the size of the system and the
experimental density were shown in Table 4-4.
Table 4-4. The number of monomer and crosslinker molecules used to construct surface
slabs, the sizes of the slabs and the experimental density of crosslinked polymers.
number of molecules a
. densityapolymer crosslinker size (g/cm 3)
m-DVB p-DVB
PAM 166 58 25 30x30x51.91 1.2165
PCEA 178 62 27 30x30x51.26 1.3400
PHBA 158 55 24 30x30x51.52 1.1838
PS 178 62 27 30x30x50.54 1.0994
a Experimental density as measured in section 4.1.3.2.
The systems were minimized and equilibrated in the NVT ensemble at 600 K for 200 ps and at
298.15 K for 300 ps. The mixtures were analyzed to identify the reactive sites within the
appropriate cut off distances. In accord with the reactivity order in section 4.1.1.3, the new bonds
were created among reactive sites, and hydrogen atoms were added if necessary. The system was
then minimized and equilibrated in the NVT ensemble at 600 K for 600 ps and at 298.15 K for
700 ps.
Following this procedure, three independently constructed surfaces were built for each
polymer. Their percentages of crosslinked reactive sites are shown in Table 4-5. The calculated
percentages of crosslinked reactive sites in monomers and cross-linkers are in the range of 92-
97%, 93-98%, 87-94%, and 91-95% for PAM, PCEA, PHBA and PS, respectively.
Table 4-5: the calculated percentage of crosslinked reactive sites in monomers and cross-
linkers of the three independently constructed surfaces of each polymer.
percent of crosslinked reactive
polymer surface cutoff sites
monomer cross-linker
PAM PAMA 6.5 96.1 92.5
PAMB 6.5 94.0 95.2
PAMC 6.5 94.0 95.2
PCEA PCEAA 7.0 93.8 96.6
PCEAB 7.0 94.1 98.0
PCEAC 7.0 94.4 96.1
PHBA PHBAA 5.5 87.0 93.4
PHBAB 5.5 91.8 87.3
PHBAC 5.5 88.6 88.0
PS PSA 6.0 91.0 93.3
PSB 6.0 92.7 94.9
PSC 6.0 92.1 94.4
4.1.2.2 Ethanol-water 38 v% mixture layer. A 30x30x60.98 A' slab of a mixture of ethanol
and water molecules at 38 v% and the experimental density106 of 0.946 g/cm 3 was constructed
using Amorphous Cell. There were 221 ethanol molecules and 1,171 water molecules in the
system. Under a potential wall imposed in the z axis of the system (using the axis-restraint
command), the system was minimized and equilibrated in the NVT ensemble at 600 K for 200 ps
and at 298.15 K for 300 ps before combining with the crosslinked polymer surfaces. This process
was done for better relaxation and mixing.
4.1.2.3 Generation and identification of reasonable binding site models.
To model the interface between the solvent and the crosslinked polymers surface, the
crosslinked polymer slab and ethanol-water 38 v% slab were combined. To help capture the
effects of the solvent on the structure of the crosslinked polymer surface and equilibrate the
whole system, the combined systems were minimized, and equilibrated in the NVT ensemble at
600 K for 500 ps to allow better relaxation of the system and at 298.15 K for 1 ns. The
crosslinked polymer and solvent layers were then separated after equilibration.
To identify probable binding sites on the crosslinked polymer surfaces, the Adsorption Locator
Module of Materials Studio was used. Adsorption Locator employs simulated annealing using
the Metropolis Monte Carlo method 62-64 to sample the search space while the temperature is
gradually decreased. This module has been used to investigate the adsorption of a small molecule
to various surfaces.51-61 In this study, the automated temperature control was used with 100
temperature cycles for each run. The conformations within 10 kcal/mol of the minimum were
reported for each run. The docking calculations were run for 10 times for each surface (total of
about 300-600 conformations).
The resulting docked conformations were clustered by area.9 6'107 First, they were ranked
according to their binding scores, and the aspirin conformation with the best binding score was
used as the first reference. Other conformations with a center of mass whose distance to the
center of mass of the reference was <= 5 A' were put in the first class. Until every conformation
belonged to a class, the process was repeated for all unclassified conformations. To ensure that
the clusters are not too close to each other, the cutoff value of 5 A' was chosen to be larger than
the distance from the center of mass of the minimized conformation of aspirin to the farthest
atom from the center of mass.
As identified by Adsorption Locator, not all binding site models are good candidates because
of the limitation of this module. Adsorption Locator fixes the polymer surface during the
docking calculations, and it does not include solvent molecules explicitly. Therefore, it is
necessary to apply the selection criteria that incorporate dynamics to the crosslinked polymer
surface and include solvent molecules explicitly. We used the assumption that if a binding site is
a good one, aspirin will bind and stay at this site after solvent equilibration. Therefore, we
equilibrated the best binding conformation of each binding site model with the solvent for 1 ns,
minimized the whole systems, and screened for the binding sites, where aspirin stays at the sites
after solvent equilibration.
To select out the best binding site model of each surface, we used the following criteria. First,
the binding site must be found more than 1%. The binding conformation that has the best binding
score must stay at the binding site after solvent equilibration. This criterion was used to help
incorporate dynamics to the crosslinked polymer surface, and to include the effects of solvent
molecules. Moreover, the binding site must be indentation binding sites and are not covered
underneath the surface after solvent equilibration to ensure that aspirin molecule can easily
access the binding site and does not have to overcome a large free energy barrier to bind to this
binding site. The best binding site is defined as the site that passes the selection criteria, and is
found with the most frequency. The free energy of binding of the best binding site of each
surface was further computed in section 4.1.2.4.
4.1.2.4 Calculation of the free energy of binding.
To compute the free energy of binding, the Blue-Moon Ensemble method was used. This
method has been used to compute the free energy of various systems 67-76 and it employs
constrained molecular simulations using holonomic constraints to confine the system to the
hypersurface with a constant prescribed order parameter. The gradient of the free energy (the
66
mean force) associated with the order parameter can then be calculated from the trajectory. For
our application, a molecule is constrained at various distances from the surface, and the gradient
OF 5of the free energy for each constraint (-) can be computed by6 :
az.
OF
z (b(x)W -V kBT Vbj(X))q(x)=z' (4-1)
where F is free energy, z is a constraint, k is the Boltzmann constant, V is potential energy, T is
temperature, and bj(x) is given by:
Vq x)
b(x= ,
where Q is given by:
Qi=1 '/Yx)@0/Wkx)
k- i
where {?/J is an orthonormal basis in the subspace spanned by { Vqk(x) I constructed by Gram-
Schmidt orthogonalization.
F is calculated by approximating the line integral along the tangent vector of Ii using the
following equation:
VF -t da ~ (VFi + VF1+1) - (i+1 - 1i) (4-2)
8F1 dF1 8F1
where VF is (-, - ), t is the tangent vector along 1, and Ii is (zj, z2, z3 ), for 3azj Pz2 az3
constraints as implemented in our approach.
To constrain the distance between the aspirin molecule and the crosslinked polymer surface in
the +z direction perpendicular the surface, three dummy atoms were created and arranged in an
equilateral triangle. Each dummy atom was 1 A' from the geometric center (centroid) of the
triangle. The centroid of the three dummy atoms was directly below C2 of aspirin molecule; C2
is the closest atom to the center of mass of aspirin. At the same z coordinate as that of the center
of mass of the crosslinked polymer surface, the three dummy atoms were fixed. During
molecular simulations, the distances between C2 of aspirin and the three dummy atoms were
constrained using the RATTLE 97 algorithm.
To prevent any upward or downward movement of the surface that would have introduced
aF
errors to the calculation of O-, the atoms in the bottom half (z coordinate below that of the
center of mass) of the surface were fixed. These atoms were too far to contribute any nonbonded
interactions to the aspirin molecule. Fixing them also helps speed up the calculations. Figure 4-3
shows a snapshot of a typical setup for free energy of binding calculation.
A B
Figure 4-3. A typical setup for free energy of binding calculation. Aspirin and the three dummy
atoms are shown in vdW representation. The crosslinked polymer surface, ethanol and water are
shown in line representation. Carbons are shown in grey. Oxygens are shown in red. Nitrogens
are shown in blue. Hydrogens are shown in white (A) The whole system of aspirin, the
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crosslinked polymer surface, water, ethanol and the three dummy atoms. (B) The distance
constraints (green) between C2 of aspirin and the three dummy atoms.
The systems at various constrained distances were constructed, starting from the distance
where aspirin is in the binding site found by Adsorption Locator to the distance where aspirin is
completely in solution. First, they were minimized while applying a harmonic constraint on the
three distances between the three dummy atoms and C2 of aspirin. In the NVT ensemble at
298.15 K with the Nose-Hoover thermostat,98-100 the systems were equilibrated for 1 ns and
further run for 3 ns with the RATTLE constraint on these three distances. In all simulations, the
trajectory was saved every 1 ps.
F
The values of - of all systems were then calculated from the 3 ns trajectories using equation
(4-1). Using equation (4-2), the values of the free energy were obtained by approximating the
8F
line integral of - along the tangent vector of 1i from the binding site, as identified by
azI
Adsorption Locator, to the end distance, where aspirin is completely in solution and is too far to
interact with the surface. Then, the free energy of binding was calculated from the difference of
the free energy of the system at the minimum, and that of the midpoint of the last fluctuation of
the free energy in solution. In this study, we employed the constrained distance interval of I A',
which should yield an accurate free energy profile
4.1.2.5 Hansen solubility parameters.
Solubility parameters have been used in solvent selection for several pharmaceutical
operations. 10 It can be used to predict various properties, such as solubility, wettability, polymer
swelling, rate of dissolution of drug powders, and interactions between components of mixed
systems (formulations).108 Hansen Solubility Parameters estimates the total cohesion energy
(quantified by the vaporization energy) that is composed of three components-non-polar
(dispersion) interactions (ED), molecular permanent dipole-permanent dipole interactions Ep, and
hydrogen bonds (EH)- broken during evaporation.109 The total cohesion energy of a liquid is
defined, as follows:
E =ED + Ep+ EH;
E =AH-RT.
AH is the heat of evaporation; R is the universal gas constant, and T is the temperature in
Kelvin. Hansen Solubility Parameters (6) can then be obtained, as follows:
E/V = ED/V + Ep/V+ EHg/V;
62  D2 + 2 + H,
where V is the molar volume.
Degree of interactions or distance (d) between two compounds can be determined by
d = V4(SD1- ~D2 )2+ (5p, P2)2(SH1 H 2)2.
It may be possible to use this distance to help select polymers promoting heterogeneous
nucleation. Specifically, the distance between aspirin and a polymer (dAy) should be much less
than that between aspirin and a solvent (dAs) because aspirin should prefer binding to a polymer
surface to a solvent molecule. Moreover, the distance between aspirin and a polymer (dAy)
should be much less than that between a polymer and a solvent (dps) because a polymer surface
should prefer binding to an aspirin molecule to binding to a solvent molecule. Therefore, a
polymer with high binding affinity for aspirin should have a high value ofI dAp-dAs + IdAp-dpsl
In this study, the value of IdAp-dAs| + IdAp-dps was used to rank the four polymers.
4.1.3 Experimental section.
4.1.3.1 Polymer synthesis. Using the procedure of Diao et al.,' 0 polymer plates were prepared
by UV polymerizing a mixture of a monomer, cross-linker DVB (Sigma Aldrich) and initiator
IRGACURE 2022 (Ciba Inc.) The molar ratio of monomer to cross-linker DVB was 2:1. The
concentration of initiator IRGACURE 2022 was 4 v% with respect to DVB. The four monomers
investigated were AM, CEA, HBA, and S. 15 pl of the above mixture was irradiated for 20 min
in a Teflon well under Nitrogen protection. UV irradiation was provided by a 5000-EC UV
Curing Flood Lamp purchased from Dymax Corporation. The UV polymerization process
yielded thin polymer plates around 5 mm in diameter and 0.5 mm in thickness. The polymer
plates were then annealed at 70'C in a vacuum oven for 4 h to remove the unreacted species.
4.1.3.2 Density measurements. The densities of polymer plates made from AM, HBA, and S
were measured with a Micrometritics AccuPyc 1340 Gas Pycnometer. Nine to ten polymer plates
were weighed on the microbalance and placed inside the 0.1 cc sample holder of the pycnometer.
Four cycles of measurements were performed to obtain the average volume and standard
deviation of the sample. The density was then calculated by dividing the mass with the volume
measured. The density of polymer plates made from CEA was unable to be determined by the
same method, probably due to the slight hygroscopic nature of the polymer and the moisture
interference with the instrument. Instead, the density of CEA samples was measured by
conventional Pycnometry following the same principle, in which the volume of the polymer was
determined by the displacement of a liquid." 0 The liquid employed in this study was low
viscosity silicone oil (5 cSt) (Sigma Aldrich), which the polymer plate does not absorb. The
polymer plates were degassed in vacuum oven for 4 h at 70'C before the measurement. Around
30 polymer plates were used and the standard error was calculated from those of the mass and
volume measurements.
4.2 Results and Discussions
As identified by Adsorption Locator, the probable binding sites are reported in section 4.2.1.
As calculated using the Blue-Moon Ensemble method, the values of the free energy of binding of
the best binding site of each surface are shown in section 4.2.2. The trend of the magnitudes of
the average free energies of binding of the three best binding sites of each polymer are reported
in section 4.2.3.
4.2.1 Generation and identification of reasonable binding site models.
As identified by Adsorption Locator, binding sites were divided into two categories: a hole
beneath a surface and an indentation on a surface. A binding site is defined to be a hole-beneath-
a-surface binding site if more than 50% of aspirin atoms at the binding site are covered
underneath the polymer surface as visually inspected along the z axis perpendicular to the
surface. Each binding site was characterized by the number of polymer atoms and the number of
polar and non-polar atoms that are close enough to interact with aspirin. These atoms are C, CA
(aromatic carbon), 0, N, HO (hydroxyl oxygen) and H. The average distance of vdW
interactions (about 3.6 A') was used as a cut off. The number of times the binding site was
found, i.e., the number of conformations that were identified at the binding site and clustered
together was reported. To show the binding affinity as approximated by Adsorption Locator, the
binding score of the best conformation of each site was also given. The binding sites of each
surface were sorted and named in accord with the number of times the binding site was found,
starting from the most often found site to the rarely found site. Probable binding sites for each
surface of PAM, PCEA, PHBA and PS are reported in section 4.2.1.1, 4.2.1.2, 4.2.1.3 and
4.2.1.4, respectively.
4.2.1.1 PAM
The three independently constructed PAM surfaces were named PAMA, PAMB and PAMC.
As identified by Adsorption Locator, the total number of 373, 452, and 263 conformations were
found on PAMA, PAMB, and PAMC, respectively. As shown in Figure 4-4, these conformations
were clustered into 9, 9, and 7 probable binding sites on PAMA, PAMB, and PAMC. The
characteristics of the binding sites of PAMA, PAMB, and PAMC are shown in Table 4-6, Table
4-7, and Table 4-8. Most of the binding sites are indentations. In contrast, PAMA1, PAMA7, and
PAMC5 are hole-beneath-a-surface binding sites. Adsorption Locator seems to prefer binding
sites with a large number of polymer atoms that can interact with aspirin through vdW,
electrostatic and hydrogen bonds. The best binding site of each surface is defined as the binding
site that passes the selection criteria as described in section 4.1.2.3 and is found at the most
frequency at the surface. They are PAMA2, PAMB5, and PAMC3 for PAMA, PAMB, and
PAMC, respectively. The number of polar atoms of the best sites is in the range of 8.6-10.1%.
The best binding site of each surface as chosen by our selection criteria may not necessarily be
the one found the most often by Adsorption Locator Module probably because of the limitation
of the module. Adsorption Locator fixes the crosslinked polymer surface during the calculation
and does not include solvent molecules explicitly. The binding score and the number of time the
binding site is found can only be used as a preliminary guideline in choosing the best site.
Therefore, applying the selection criteria is necessary to select the best site where aspirin can
easily access the site and does not have to overcome large free energy barriers to bind to this site.
Figure 4-4. Major binding sites on the surfaces PAMA (left), PAMB (middle) and PAMC (right)
of PAM, as identified by Adsorption Locator. Aspirin is shown in stick representation. The
crosslinked polymer surface is shown in surface representation with transparent color. Carbons
are shown in grey. Oxygens are shown in red. Nitrogens are shown in blue. Hydrogens are
shown in white.
Table 4-6. The characteristics of the binding sites on the surface PAMA, as identified by
Adsorption Locator.
number of polymer atoms that are number of binding score
within 3.6 A* of aspirin time the of the best characteristic pass thebinding non- binding conformation of the binding selection
site polar polar site is in the site site criteria
C CA 0 N H atom atom found (%) (kcal/mol)
s(%) s(%)
PAMAl 30 21 5 1 62 5.0 95.0 42.6 -35.0 hole no
PAMA2 29 6 9 0 56 9.0 91.0 29.5 -33.2 indentation yes
PAMA3 20 11 9 1 48 11.2 88.8 10.2 -31.2 indentation no
PAMA4 23 3 3 0 39 4.4 95.6 8.6 -27.6 indentation no
PAMA5 14 10 3 1 32 6.7 93.3 2.7 -28.1 indentation yes
PAMA6 9 12 1 0 26 2.1 97.9 2.4 -26.3 indentation yes
PAMA7 16 9 6 0 42 8.2 91.8 2.1 -30.9 hole no
PAMA8 5 8 1 1 22 5.4 94.6 1.6 -25.9 indentation no
PAMA9 5 11 1 0 23 2.5 97.5 0.3 -25.1 indentation no
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Table 4-7. The characteristics of the binding sites on the surface PAMB, as identified by
Adsorption Locator.
number of polymer atoms that are within 3.6 number
A* of aspirin of time binding score
binding__________________ the of the best characteristic pass thebinding non- binding conformation of the binding selection
site polarsiectra
C CA 0 N H aoms polar site is in the sitesiectraC CA N H atoms atoms found (kcal/mol)
PAMBI 48 8 14 4 90 11.0 89.0 -28.8 indentation no
PAMB2 21 18 3 1 40 4.8 95.2 22.3 -30.5 indentation no
PAMB3 25 3 12 2 49 15.4 84.6 21.9 -31.0 indentation no
PAMB4 42 8 15 4 83 12.5 87.5 15.3 -29.5 indentation no
PAMB5 33 20 11 4 81 10.1 89.9 11.1 -28.1 indentation yes
PAMB6 14 6 3 1 30 7.4 92.6 1.5 -22.8 indentation no
PAMB7 9 9 2 1 23 6.8 93.2 1.3 -24.4 indentation yes
PAMB8 10 0 3 1 20 11.8 88.2 1.3 -22.0 indentation no
PAMB9 8 0 4 1 24 13.5 86.5 0.4 -21.2 indentation no
Table 4-8. The characteristics of the binding sites on the surface PAMC, as identified by
Adsorption Locator.
number of polymer atoms that are nme f bnigsoeo
binding__within__3.6 __A*_of __aspirin time the the best characteristic pass theindinglar non- binding conformation in of the selection
site pA0 N H atolar polar site is the site binding site criteria
atoms found (%) (kcal/mol)
(%) (%)
PAMCo 39 19 11 3 82 9.1 90.9 51.0 -36.6 indentation no
PAMC2 28 2 8 3 48 12.4 87.6 23.2 -30.2 indentation no
PAMC3 22 5 5 2 47 8.6 91.4 10.6 -28.5 indentation yes
PAMC4 21 2 3 0 41 4.5 95.5 10.3 -28.8 indentation no
PAMC 21 9 7 3 32 13.9 86.1 3.0 -31.0 hole no
PAMC6 6 8 2 0 26 4.8 95.2 1.5 -25.7 indentation no
PAMC7 6 0 3 1 12 18.2 81.8 0.4 -24.8 indentation no
4.2.1.2 PCEA
The three PCEA surfaces were named PCEAA, PCEAB, and PCEAC. The total number of
417, 371, and 339 conformations were identified on PCEAA, PCEAB, and PCEAC, respectively.
These conformations were clustered into 8, 11, and 8 probable binding sites on PCEAA,
PCEAB, and PCEAC, respectively as shown in Figure 4-5. Table 4-9, Table 4-10, and Table 4-
11 show the characteristics of the binding sites of PCEAA, PCEAB, and PCEAC. Except
PCEAA5 and PCEAB6, the binding sites are indentation binding sites. The best binding sites of
PCEAA, PCEAB and PCEAC are PCEAA1, PCEAB5, PCEAC1, respectively. The number of
polar atoms of these best sites is in the range of 16.4-24.8%.
Figure 4-5. Major binding sites on the surfaces PCEAA (left), PCEAB (middle) and PCEAC
(right) of PCEA, as identified by Adsorption Locator.
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Table 4-9. The characteristics of the binding sites on the surface PCEAA, as identified by
Adsorption Locator.
number of polymer atoms that are within 3.6 number binding
A" of aspirin of time score of the
binding the best characteristic pass the
polar non- binding best of the selectionsite plrcnomto
C CA 0 HO H atoms polar site is in the site binding site criteria
(%) atoms found (kcal/mol)
PCEAA1 43 10 27 7 50 24.8 75.2 60.4 -37.5 indentation yes
PCEAA2 21 8 15 7 32 26.5 73.5 13.4 -31.0 indentation yes
PCEAA3 10 7 6 1 19 16.3 83.7 11.3 -29.3 indentation yes
PCEAA4 30 20 9 3 59 9.9 90.1 7.0 -32.9 indentation no
PCEAA5 8 0 6 2 8 33.3 66.7 4.6 -31.2 hole no
PCEAA6 6 4 5 2 13 23.3 76.7 1.9 -28.9 indentation yes
PCEAA7 8 2 4 1 19 14.7 85.3 1.0 -28.4 indentation no
PCEAA8 12 0 9 1 13 28.6 71.4 0.5 -28.2 indentation no
Table 4-10. The characteristics of the binding sites on the surface PCEAB, as identified by
Adsorption Locator.
number of polymer atoms that are within number binding
3.6 A* of aspirin of time score of the
binding the best characterist pass the
site polar non- binding conformation ic of the selection
C CA 0 HO H atoms polar site is in the site binding site criteria
atoms found (kcal/mol)(%) %) (% kcl/ol
PCEAB1 26 10 15 5 38 21.3 78.7 14.1 -34.0 indentation no
PCEAB2 24 15 11 3 43 14.6 85.4 13.4 -32.7 indentation no
PCEAB3 19 17 12 5 37 18.9 81.1 13.2 -34.1 indentation no
PCEAB4 30 13 14 6 41 19.2 80.8 12.7 -31.0 indentation no
PCEAB5 36 19 16 6 57 16.4 83.6 11.0 -31.2 indentation yes
PCEAB6 25 20 16 6 46 19.5 80.5 10.8 -33.5 hole no
PCEAB7 22 4 18 6 31 29.6 70.4 5.5 -27.5 indentation no
PCEAB8 23 16 12 5 41 17.5 82.5 4.1 -27.1 indentation no
PCEAB9 30 22 13 5 54 14.5 85.5 3.1 -29.4 indentation yes
PCEAB10 6 8 4 2 17 16.2 83.8 0.5 -26.3 indentation no
PCEAB11 7 9 5 3 24 16.7 83.3 0.5 -24.8 indentation no
Table 4-11. The characteristics of the binding sites on the surface PCEAC, as identified by
Adsorption Locator.
number of polymer atoms that are within number binding
3.6 A of aspirin o time score of the characteristic pass the
the best chrceitc pste
binding site polar non- binding confosation of the selection
C CA O HO H atoms polar site is in the site binding site criteria
(%) atoms found (kcal/mol)() (%) (%)
PCEACl 35 8 24 6 49 24.6 75.4 30.2 -35.8 indentation yes
PCEAC2 21 5 11 4 27 22.1 77.9 15.3 -38.4 indentation no
PCEAC3 26 14 15 4 41 19.0 81.0 14.6 -38.7 indentation no
PCEAC4 17 4 15 5 17 34.5 65.5 9.6 -35.2 indentation yes
PCEAC5 15 4 12 5 20 30.4 69.6 7.7 -34.8 indentation yes
PCEAC6 7 3 8 4 14 33.3 66.7 2.6 -33.1 indentation no
PCEAC7 8 0 7 2 11 32.1 67.9 0.7 -29.0 indentation no
PCEAC8 4 3 5 3 10 32.0 68.0 0.5 -28.7 indentation no
4.2.1.3 PHBA
The three surfaces of PHBA were named PHBAA, PHBAB, and PHBAC. The total number of
611, 526, and 308 conformations were identified on PHBAA, PHBAB, and PHBAC,
respectively. These conformations were clustered into 13, 13, and 8 probable binding sites on
PHBAA, PHABAB, and PHBAC, as shown in Figure 4-6. The characteristics of the binding
sites of PHBAA, PHBAB, and PHBAC are given in Table 4-12, Table 4-13, and Table 4-14.
Except PHBAA2 and PHBAB4, the binding sites are indentation binding sites. The best binding
sites of PHBAA, PHBAB and PHBAC are PHBAA7, PHBAB5, and PHBAC4, respectively. The
number of polar atoms of these best binding sites is in the range of 12.7-17.9%.
Figure 4-6. Major binding sites on the surfaces PHBAA (left), PHBAB (middle) and PHBAC
(right) of PHBA, as primarily identified by Adsorption Locator.
Table 4-12. The characteristics of the binding sites on the surface PHBAA, as identified by
Adsorption Locator.
number of polymer atoms that are within 3.6 A* of number
aspirin of time binding score
binding the of the best characteristic pass the
site polar non- binding conformation of the binding selection
C CA 0 HO H atoms polar site is in the site site criteria
atoms found (kcal/mol)
PHBAA1 44 7 21 7 59 20.3 79.7 29.7 -29.6 indentation no
PHBAA2 39 11 18 7 70 17.2 82.8 27.6 -30.5 hole no
PHBAA3 41 24 16 6 94 12.2 87.8 19.9 -25.3 indentation no
PHBAA4 43 18 19 8 87 15.4 84.6 18.7 -26.4 indentation no
PHBAA5 41 11 20 8 73 18.3 81.7 11.3 -26.8 indentation no
PHBAA6 38 11 12 7 69 13.9 86.1 10.1 -26.8 indentation no
PI-LBAA7 32 5 14 7 59 17.9 82.1 9.4 -24.7 indentation yes
PHBAA8 47 12 22 9 98 16.5 83.5 6.7 -24.1 indentation no
PFJBAA9 33 10 15 6 73 15.3 84.7 5.3 -25.3 indentation no
PHBAA10 40 17 14 6 85 12.3 87.7 5.0 -23.6 indentation no
PHBAA 11 17 1 9 4 30 21.3 78.7 1.7 -21.4 indentation no
PHBAA12 8 0 6 4 18 27.8 72.2 0.7 -21.5 indentation no
PHBAA13 14 9 4 1 37 7.7 92.3 0.5 -20.9 indentation no
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Table 4-13. The characteristics of the binding sites on the surface PHBAB, as identified by
Adsorption Locator,
number of polymer atoms that are within 3.6 A of number
aspirin of time binding score
binding the of the best characteristic pass the
site polar non- binding conformation of the binding selection
C CA 0 HO H atoms polar site is in the site site criteria(%) C 0 atoms found (kcal/mol)
PHBAB1 46 16 19 6 89 14.2 85.8 24.9 -29.6 indentation no
PHBAB2 23 22 6 3 54 8.3 91.7 23.5 -30.5 indentation no
PHBAB3 19 19 10 5 55 13.9 86.1 11.5 -28.7 indentation no
PHBAB4 26 12 8 4 52 11.8 88.2 11.3 -30.8 hole no
PHBAB5 39 18 14 6 81 12.7 87.3 11.3 -25.5 indentation yes
PHBAB6 40 16 22 9 86 17.9 82.1 9.8 -26.2 indentation no
PHBAB7 60 22 26 10 116 15.4 84.6 9.6 -24.7 indentation no
PHBAB8 45 31 20 5 113 11.7 88.3 7.9 -23.5 indentation no
PHBAB9 36 10 14 6 80 13.7 86.3 6.5 -23.4 indentation no
PHBAB 10 49 24 24 12 104 16.9 83.1 4.6 -24.9 indentation no
PHBAB 11 15 7 11 6 45 20.2 79.8 3.8 -23.0 indentation no
PHBAB12' / 1 1 32z 12.3 87.7 1. m-1.1 indentationn
PHBABb13 6 0 5 3 6 40.0 60.0 0.2 -21.3 indentation no
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Table 4-14. The characteristics of the binding sites on the surface PHBAC, as identified by
Adsorption Locator.
number of polymer atoms that are within 3.6 A* number
of aspirin of time binding score
binin _______________________________ the of the best characteristic pass thebinding binding conformation of the binding selection
site plr non-Cit CApoHlHatom polar site is in the site site criteriaC(H atoms found (kcal/mol)
PHBAC1 27 10 12 4 48 15.8 84.2 48.9 -36.7 indentation no
PHBAC2 10 5 3 1 28 8.5 91.5 6.7 -28.1 indentation no
PHBAC3 25 2 7 3 46 12.0 88.0 6.0 -30.3 indentation no
PHBAC4 11 6 5 3 29 14.8 85.2 4.6 -27.6 indentation yes
PHBAC5 5 1 5 3 10 33.3 66.7 3.8 -33.3 indentation no
PHBAC6 6 2 4 2 15 20.7 79.3 1.7 -28.4 indentation no
PHBAC7 6 2 3 3 16 20.0 80.0 1.2 -26.5 indentation no
PHBAC8 21 4 8 2 34 14.5 85.5 1.0 -31.5 indentation no
4.2.1.4 PS
The three surfaces of PS were named PSA, PSB, and PSC. The total number of 442, 364, and
422 conformations were identified on PSA, PSB, and PSC, respectively. These conformations
were clustered into 12, 16, and 11 probable binding sites on PSA, PSB, and PSC, as shown in
Figure 4-7. The characteristics of the binding sites of PSA, PSB, and PSC are given in Table 4-
15, Table 4-16, and Table 4-17. Except PSB1 and PSC7, the binding sites are indentation
binding sites. The best binding sites of PSA, PSB and PSC are PSA4, PSB7, and PSC2,
respectively.
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Figure 4-7. Major binding sites on the surfaces PSA (left), PSB (middle) and PSC (right) of PS,
as identified by Adsorption Locator.
Table 4-15. The characteristics of the binding sites on the surface PSA, as identified by
Adsorption Locator.
number of
polymer atoms number of binding score of characteristic pass thebinding that are within 3.6 time the the best of the binding selection
site A* of aspirin binding site conformation in ite ctia
is found (%) the site (kca/mol) site criteria
C CA H
PSAl 6 38 40 26.5 -25.4 indentation no
PSA2 14 33 49 17.9 -24.6 indentation no
PSA3 9 44 56 12.0 -22.8 indentation no
PSA4 21 77 105 10.4 -21.1 indentation yes
PSA5 14 58 77 9.5 -23.3 indentation no
PSA6 15 *48 71 7.5 -19.1 indentation no
PSA7 18 51 84 5.7 -19.3 indentation no
PSA8 5 49 52 3.8 -18.3 indentation no
PSA9 22 47 84 3.2 -20.5 indentation no
PSA1O 8 23 37 2.3 -16.8 indentation no
PSAll 6 39 54 1.1 -18.4 indentation yes
PSAl2 2 6 15 0.2 -17.2 indentation no
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Table 4-16. The characteristics of the binding sites on the surface PSB, as identified by
Adsorption Locator.
number of polymer number of binding score of characteristic pass the
binding atoms that are within time the the best
site 3.6 A* of aspirin binding site conformation in of the binding selection
C CA H is found (%) the site (kcal/mol) site criteria
PSB1 5 36 44 4.7 -33.6 hole no
PSB2 13 48 67 28.4 -25.1 indentation no
PSB3 11 44 58 15.9 -24.9 indentation no
PSB4 10 29 38 10.7 -24.1 indentation no
PSB5 3 28 39 2.4 -22.1 indentation no
PSB6 8 24 36 3.6 -21.8 indentation no
PSB7 8 25 38 4.5 -21.6 indentation yes
PSB8 10 20 36 2.8 -21.0 indentation no
PSB9 7 37 41 3.1 -20.7 indentation no
PSB10 9 33 45 2.1 -19.6 indentation no
PSB11 4 29 47 2.1 -17.7 indentation no
PSB12 1 15 22 1.4 -17.4 indentation no
PS1313 1 10 17 0.7 -17.1 indentation no
PSB14 0 7 14 1.2 -16.7 indentation no
PSB15 0 3 6 0.2 -16.5 indentation no
PSB16 0 3 5 0.2 -15.3 indentation no
Table 4-17. The characteristics of the binding sites on the surface PSC, as identified by
Adsorption Locator.
number of polymer 
. binding score of the .
binding atoms that are within nunber of time best characteristic pass the
site 3.6 A* of aspirin the binding site in the site site criteria
C CA H is found (%) (kcal/mol)
PSCl 15 48 56 50.9 -27.9 indentation no
PSC2 10 56 59 21.3 -25.5 indentation yes
PSC3 12 48 55 8.1 -23.2 indentation yes
PSC4 1 18 32 0.7 -22.5 indentation no
PSC5 14 41 48 5.2 -21.0 indentation yes
PSC6 8 42 52 3.6 -20.8 indentation yes
PSC7 10 34 49 2.1 -20.6 hole no
PSC8 10 56 67 4.0 -20.6 indentation yes
PSC9 11 35 57 2.8 -18.8 indentation no
PSC1O 7 33 46 0.9 -18.4 indentation no
PSC1l 1 6 18 0.2 -18.0 indentation no
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4.2.2 Free energy of binding.
4.2.2.1 PAM.
The Blue-Moon Ensemble method was used to compute the free energy of binding of the best
binding site of each crosslinked polymer surface as identified in the previous section. For the
three surfaces of PAM, the best binding sites are PAMA2, PAMB5, and PAMC3. The structures
of these binding sites after solvent equilibration are shown in Figure 4-8, while the free energy
profiles of these binding sites along the distance constraint are given in Figure 4-9.
Figure 4-8. The binding sites PAMA2 (left), PAMB5 (middle), and PAMC3 (right) after 1 ns
solvent equilibration. They are the best binding sites of PAMA, PAMB, and PAMC,
respectively. Aspirin is shown in stick representation. The crosslinked polymer surface is shown
in surface representation. Carbons are shown in grey. Oxygens are shown in red. Nitrogens are
shown in blue. Hydrogens are shown in white.
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Figure 4-9. Free energy profiles along the distance constraint of the binding sites PAMA2 (left),
PAMB5 (middle), and PAMC3 (right) after solvent equilibration.
The free energy of binding is computed from the difference of the values of the free energy at
the binding site and that in solution as shown in Figure 4-9. The free energy at the binding site is
defined to be at the minimum of the free energy profile. The free energy in solution is defined to
be the midpoint of the last fluctuation of the free energy in solution; this fluctuation is within
statistical error. The free energies of binding of the binding sites PAMA2, PAMB5, and PAMC3
were calculated to be -19.1 ± 1.1, -17.6 ± 1.0, and -24.6 ± 1.0 kcal/mol, respectively.
For PAMA2, the minimum of the free energy profile at the distance constraint of 30.45 A' is
defined to be the binding site, where the aspirin molecule is at the top of the surface (Figure 4-
10). The original position, found by Adsorption Locator, is inside the indentation and is a few
angstroms below the position of this minimum. For this site, if the aspirin molecule were to
move from the top of the surface (the minimum position) to inside the indentation (the original
position found by Adsorption Locator), it would have to overcome a free energy barrier because
the flexible polymer chains above this indentation wiggled and made it difficult for the aspirin
molecule to go inside this indentation. Adsorption Locator was not able to find the minimum
position at the top of the surface but could find the original position inside the indentation
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probably because of the limitations of Adsorption Locator. It fixes the polymer chains and does
not include solvent molecules explicitly during the docking calculations. However, the Blue-
Moon Ensemble method allows us to find the minimum position at the top of the surface, which
may not be found by Adsorption Locator, because it involves constraining the aspirin molecule
at various distances from inside the indentation to in solution.
Figure 4-10. The structure of the binding site PAMA2 at the minimum, where it is at the top of
the surface (at the constraint of 30.45 A). Aspirin is shown in vdW representation. PAMA is
shown in surface representation.
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4.2.2.2 PCEA.
As identified in section 4.2.1.2, the best binding sites of the three surfaces of PCEA are
PCEAA1, PCEAB5, and PCEAC1. Figure 4-11 shows the structures of these binding sites after
solvent equilibration. As computed by the Blue-Moon Ensemble method, the free energy profiles
of these binding sites along the distance constraint are displayed in Figure 4-12. As calculated
from the difference of the values of the free energy at the binding site and that in solution, the
free energies of binding of the binding sites PCEAA1, PCEAB5, and PCEAC1 are -16.1 1.0, -
16.3 1.0, and -17.1 1.1 kcal/mol, respectively.
Figure 4-11. The binding sites PCEAA1 (left), PCEAB5 (middle), and PCEAC1 (right) after 1
ns solvent equilibration. They are the best binding sites of PCEAA, PCEAB, and PCEAC,
respectively.
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Figure 4-12. Free energy profiles along the distance constraint of the binding sites PCEAAl
(left), PCEAB5 (middle), and PCEAClI (right) after solvent equilibration.
4.2.2.3 PHBA.
As identified in section 4.2.1.3, the best binding sites of the three surfaces of PHBA are
PHBAA7, PHBAB5, and PHBAC4. The structures of these binding sites after solvent
equilibration are shown in Figure 4-13. Figure 4-14 shows the free energy profiles of these
binding sites along the distance constraint. The free energies of binding of the binding sites
PHBAA7, PHBAB5, and PHBAC4 are -13.0 1.1, -14.3 1.1, and -15.9 1.1 kcal/mol,
respectively.
Figure 4-13. The binding sites PHBAA7 (left), PHBAB5 (middle), and PHBAC4 (right) after 
ns solvent equilibration. They are the best binding sites of PHBAA, PHBAB, and PHBAC,
respectively.
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Figure 4-14. Free energy profiles along the distance constraint of the binding sites PHBAA7
(left), PHBAB5 (middle), and PHBAC4 (right) after solvent equilibration.
For PHBAC4, the minimum of the free energy profile at 29.71 A is defined to be the binding
site, where the aspirin molecule is at the top of the surface and it interacts with the long polymer
chains near the binding site (Figure 4-15). The original position found by Adsorption Locator is
inside the indentation and is a few angstroms below the position of this minimum. If the aspirin
molecule were to go from the minimum position to inside the indentation (the original position
found by Adsorption Locator), it would have to overcome a free energy barrier. This barrier is
probably caused by the wiggle of the flexible polymer chain near the indentation that makes it
hard for the aspirin molecule to move pass the polymer chain to get inside the indentation along
the distance constraint.
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Figure 4-15. The structure of the binding site PHBAC4 at the minimum, where it is at the top of
the surface (at the constraint of 29.71 A0).
4.2.2.4 PS.
The best binding sites of the three surfaces of PS, as identified in section 4.2.1.4, are PSA4,
PSB7, and PSC2. The structures of these binding sites after solvent equilibration, and their free
energy profiles along the distance constraint are shown in Figure 4-16 and Figure 4-17,
respectively. The free energies of binding of the binding sites PSA4, PSB7, and PSC2 are -10.3
1.4, -15.4 0.9, and -15.0 1.1 kcal/mol, respectively.
Figure 4-16. The binding sites PSA4 (left), PSB7 (middle), and PSC2 (right) after 1 ns solvent
equilibration. They are the best binding sites of PSA, PSB, and PSC, respectively.
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Figure 4-17. Free energy profiles along the distance constraint of the binding sites PSA4 (left),
PSB7 (middle), and PSC2 (right) after solvent equilibration.
For PSA4, the minimum of the free energy profile at 34.95 A' is defined to be the binding site,
where the aspirin molecule is at the top of the surface, and it can freely interact with both the
PSA surface and the solvent (Figure 4-18 left). The original position, as found by Adsorption
Locator, is inside the small indentation at which the aspirin molecule stuck (Figure 4-18 right). If
the aspirin molecule were to go from the minimum position to inside this small indentation, it
would have to overcome a free energy barrier because of the small opening of this indentation.
This site was identified by Adsorption Locator probably because of the following reasons.
Adsorption Locator uses the scoring function that prefers the binding site with a large number of
PS atoms to optimize the interactions with the aspirin molecule. Moreover, it fixes the polymer
surface and does not include solvent molecules explicitly during the docking calculations.
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Figure 4-18. The structures of the binding site PSA4 at the minimum of the free energy profile
(left), where the aspirin molecule is at the top of the surface (at the constraint of 34.95 A*), and at
its original position (right) found by Adsorption Locator, where the aspirin molecule is stuck
inside a small indentation.
4.2.3 The trend of the magnitudes of the average free energies of binding to the best
binding sites.
As identified by our approach, the free energies of binding to the best binding sites of all
surfaces of PAM, PCEA, PHBA and PS, and the average values for each crosslinked polymer are
summarized in Table 4-18. The average free energies of binding to the best binding sites are -
20.4 ± 1.0, -16.7 ± 1.0, -14.4 ± 1.1, and -13.6 ± 1.1 kcal/mol, respectively, and the trend of the
magnitudes of these average values is shown in Figure 4-19. This trend shows that the binding
affinity of one molecule to the best site ranks in this sequence: PAM > PCEA > PHBA ~ PS.
This trend is very similar to the ranking of heterogeneous nucleation activity, which is PAM >
PCEA > PHBA ~ PS. Using this trend, we would suggest PAM for future heterogeneous
nucleation experiments. A scatter-plot of the magnitudes of the average free energies of binding
to the best sites vs the experimental induction time for the four crosslinked polymer is displayed
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in Figure 4-20. There is a linear correlation of these variables with a slope of -34.6 hour/
(kcal/mol) with a correlation coefficient of 0.99. However, more data for other polymers are
needed to establish a strong linear correlation of these variables.
Table 4-18. The free energies of binding to the best binding sites of each surface and the
average values for each polymer.
polymer surface
1.PAM PAMA
PAMB
PAMC
average
2.PCEA PCEAA
PCEAB
PCEAC
average
3.PHBA PHBAA
PHBAB
PHBAC
average
4.PS PSA
PSB
PSC
average
best binding site
model
PAMA2
PAMB5
PAMC3
PCEAA1
PCEAB5
PCEACl
PHBAA7
PHBAB5
PHBAC4
PSA4
PSB7
PSC2
free energy of
binding
(kcal/mol)
-19.1 1.1
-17.6 1.0
-24.6 1.0
-20.4 1.0
-16.1 1.0
-16.3 1.0
-17.1 1.1
-16.7 1.0
-13.0 1.1
-14.3 1.1
-15.9 1.1
-14.4 1.1
-10.3 ± 1.4
-15.4 ± 0.9
-15.0± 1.1
-13.6 ± 1.1
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Figure 4-20. Correlation of the magnitudes of the average free energies of binding to the best
sites and the experimental induction time of the four non-porous crosslinked polymers.
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The similarity between the ranking of the heterogeneous nucleation activity and the trend of
the magnitudes of the average free energies of binding to the best sites of the four polymers may
suggest the binding affinity of one molecule to the best site is of crucial importance to
heterogeneous nucleation. Since only one critical nucleus is needed for heterogeneous
nucleation, it may be sufficient for molecules to bind to the best site on the surface in order to
form the critical nucleus and heterogeneously nucleate. In any case, further studies are needed to
confirm our findings, and to gain the detailed molecular mechanism of heterogeneous nucleation.
The differences in binding affinity of the four crosslinked polymers may be caused by
differences in morphologies, and in the polarities of the best binding sites of each polymer. In
terms of morphology, the monomers of the four crosslinked polymers have different chain
lengths, resulting in different surface morphologies. It may be difficult for the aspirin molecule
to bind to a binding site on the surface that has long flexible polymer chains because of their
wiggle movements, which may prevent the aspirin molecule from moving directly from the
solution to the binding site on the surface. On the other hand, if a surface has been produced
from monomers with short chain lengths, an aspirin molecule can move relatively easily from the
solution to the binding site on the surface because there will be no obstacle in its way. In this
study, the ranking of the chain length of monomers is HBA > CEA > AM ~ PS, which may
roughly imply the ranking of the accessibility of the aspirin molecule to the best binding sites,
which is PS ~ PAM > PCEA > PHBA.
However, the binding of the aspirin molecule to PS may not be favorable because of the effects
of polarity. The aspirin molecule contains both polar atoms (functional groups) and non-polar
atoms, but PS has only non-polar atoms. This lack of polar atoms may cause unfavorable
interactions when the aspirin molecule binds to the best binding site of PS. Another factor
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affecting the binding affinity ranking may be the differences in the binding strengths of the
aspirin molecule to the polymer surfaces, as compared to the solvent molecules. In order for the
aspirin molecule to bind to the binding site on the polymer surface, the aspirin molecule should
prefer binding to the binding site to binding to the solvent molecules in solution. This preference
can be indicated by a lower value of free energy at the binding site and by the free energy of
binding that is computed from the difference of the free energies at the binding site and in
solution.
For future heterogeneous nucleation experiments, we may suggest experimentalists to try
polymers produced from monomers with short chains, perhaps with a ring structure like AM,
with various functional groups so that the aspirin molecule can easily access and favorably bind
to the binding site.
4.2.4 Hansen solubility parameters.
As a comparison to the ranking calculated from the magnitudes of the average free energies of
binding to the best sites and the ranking of the experimental heterogeneous nucleation activity,
the Hansen solubility parameters of aspirin, the monomers of the four crosslinked polymers and
the solvent as well as the distance among them were computed as shown in Table 4-19.
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Table 4-19. Hansen solubility parameters of aspirin, AM, CEA, HBA, S, and ethanol-water
38v% mixture as well as the distance among them.
solubility parameters (MPam) distance from distance from
Compound hydrogen aspirin solvent
dispersion polarity bond total (MPa 1/2) (MPa/2)
Aspirin 17.41 7.44 10.97 21.89 N/A 23.04
AM 18.02 9.72 11.30 23.39 2.61 22.51
CEA 15.73 11.05 9.73 21.55 5.09 23.47
HBA 17.95 10.84 13.24 24.80 4.22 20.47
S 18.24 1.20 4.34 18.78 9.26 31.44
ethanol-water 15.75 12.80 33.14 39.28 23.04 N/A38 v% mixture
Table 4-20. The values of IdAp-dAs\ + |dAp-dpsl of the four monomers.
compound
AM
CEA
HBA
S
IdAp-dAs| + IdAp-dps|
(MPa )
40.34
35.80
35.50
33.40
The values of IdAp-dAsi + |dAp-dps| of the four monomers are shown in Table 4-20, and the
ranking of the four polymers based on these values is PAM > PCEA ~ PHBA > PS. This ranking
is different from that of the experimental heterogeneous nucleation activities and that of the
magnitudes of the average free energies of binding to the best sites probably because the Hansen
solubility parameters are computed purely from the monomer structures and they do not
incorporate the complicated morphologies of the crosslinked polymers.
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4.3 Conclusions
To investigate the possibility of using the free energy of binding to help guide the selection of
polymers promoting heterogeneous nucleation, we developed an approach to create non-porous
crosslinked polymers from monomers and crosslinkers with double bonds, and generated 3
independent surfaces for four crosslinked polymers (PAM, PCEA, PHBA and PS). We then
identified the best binding site of each surface using Adsorption Locator and molecular
dynamics, and computed the free energy of binding of these sites using the Blue-Moon Ensemble
method. We found that the trend of the magnitudes of the average free energies of binding to the
best sites is PAM > PCEA > PHBA ~ PS. This trend is very similar to the ranking of
heterogeneous nucleation activity (PAM > PCEA > PHBA ~ PS). This similarity may suggest
the possibility of using the free energy of binding to the best site to help guide the selection of
polymers that promote heterogeneous nucleation. It may also suggest the binding affinity of one
molecule to the binding site is of crucial importance to heterogeneous nucleation. However,
further studies are needed to support our findings and to gain the detailed molecular mechanism
of heterogeneous nucleation.
In Chapter 5, we will report the possibility of using the binding affinity of many molecules as
measured by preferential interaction coefficient to help guide the selection of polymers
promoting heterogeneous nucleation.
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Chapter 5
Binding Affinity of a Small
Molecule to Crosslinked
Polymers in a Solvent:
Preferential Binding to a
Surface
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5. Binding Affinity of a Small Molecule to Crosslinked Polymers in a
Solvent: Preferential Binding to a Surface
In Chapter 4, we investigated the possibility of using the binding affinity of one molecule to a
binding site on the polymer surface to help guide the selection of a polymer promoting
heterogeneous nucleation. We found that the trend of the magnitudes of the average free energies
of binding to the best sites is very similar to the ranking of heterogeneous nucleation activities.
These promising results suggest the possibility of using binding affinity to help guide the
selection of polymers promoting heterogeneous nucleation. This Chapter aims to investigate the
possibility of using the binding affinity of many molecules to a polymer surface to help guide the
selection of a polymer.
To measure the binding affinity of many molecules, we used the preferential interaction
coefficient of small molecules to a surface. The preferential interaction coefficient is a
thermodynamic quantity that measures the excess number of small molecules in the vicinity of
the surface as compared to the bulk. It was computed for various systems involving small
molecules and proteins. '>77-7' To the best of our knowledge, there have not been any attempts to
compute the preferential interaction coefficient of small molecules to the surface of crosslinked
polymers in a solvent. Nor has there been any attempt to investigate the possibility of using the
binding affinity of many molecules to help guide the selection of polymers that promote
heterogeneous nucleation.
We used the systems of aspirin binding to non-porous crosslinked PAM, PCEA, PHBA and PS
in ethanol-water 38 v% mixture as used by Diao et. al.' 0 We used the surfaces that were
generated in Chapter 4, where three surfaces were independently constructed for each polymer.
We then computed the preferential interaction coefficient of aspirin molecules to each surface at
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the concentration of 1 molal and calculated the number of aspirin molecules associated with the
area of the best binding site of each surface as identified in Chapter 4. The trends of the average
preferential interaction coefficients of each polymer and the average number of aspirin molecules
associated with the area of the binding site were then compared to the ranking of heterogeneous
nucleation activities.
5.1 Computational Details
Similar to Chapter 4, the polymer consistent force fields1 ,82 (PCFF), as applied in Materials
Studio (distributed by Accelrys), was used in all simulations. The group-based method with a
12.5 A0 cutoff was used to calculated the nonbonded interactions. A time step of 1 fs was used
throughout this study. The minimization steps were done using the steepest descent method (until
the derivative reaches 1,000 kcal/mol A') and then by the conjugate gradient method (until the
derivative convergences to 0.01 kcal/mol A' or the total number of steps reaches 5,000). The
method described by Allen and Tildesley8 3 was used to compute the errors of all calculated
properties. The force field of aspirin, ethanol and water were previously validated in Chapter 4.
The structure of aspirin is shown in Figure 5-1.
aspirin AM CEA HBA S meta-DVB para-DVB
Figure 5-1. Structure of aspirin, momoner molecules (AM, CEA, HBA, and S) and crosslinker
molecules (meta-DVB, and para-DVB).
5.1.1 Crosslinked polymer surfaces. We used the surfaces generated in Chapter 4; three
surfaces were independently constructed for each non-porous crosslinked polymer. The
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procedure is also described here. Using the Amorphous Cell Module of Materials Studio
described elsewhere, 4 0' 84 the mixture of monomers and DVB crosslinkers was constructed at an
experimental ratio of 2:1 (meta-DVB: para-DVB = 2.3:1) and at an experimental density. The
structures of monomers (AM, CEA, HBA, and S) and crosslinkers (meta-DVB, and para-DVB)
are illustrated in Figure 5-1. Table 5-1 gives the number of monomer, meta-DVB, and para-DVB
molecules, the size of the surface, and the experimental density used to construct the slabs of
crosslinked polymer surfaces. The mixture was first minimized. Then it was equilibrated in the
NVT ensemble at 600 K for 100 ps (for better relaxation and mixing) and at 298.15 K for 200 ps.
Table 5-1. The number of monomers, and crosslinkers molecules in the slabs, the sizes of
the slabs and the experimental density of crosslinked polymers (reproduced from Chapter
4).
number of molecules
polymer crosslinker size densit 
a
monomer m-DVB p-DVB (Ax A x A') (g/cm )
PAM 166 58 25 30x30x51.91 1.2165
PCEA 178 62 27 30x30x51.26 1.3400
PHBA 158 55 24 30x30x51.52 1.1838
PS 178 62 27 30x30x50.54 1.0994
a Experimental density as measured in refm1".
To find the most probable sites that take part in the crosslinking reactions, we identify the
reactive sites in close proximity (within a specific cutoff). The reaction sites were "chemically
reacted" in accord with the reactivity order assigned based on the steric considerations and the
stability of the radical (2' radical is more stable than 1 radical) as shown in Scheme 5-1. At the
beginning, an initiator (I-) can begin the reaction by attacking a reactive specie at the tail side or
the head side. The initiator is more likely to attack at the tail side because the attack involves less
steric effects and generates a more stable radical. Then, the recently generated radical
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intermediate can attack another reactive specie at the tail side or the head side. Due to the
previously mentioned reasons, the radical intermediate is more likely to attack at the tail side.
Four possible radicals are generated in the end, and they are named according to the sites that are
attacked in the two steps. The most likely generated radical is Tail-Tail (TT) produced through
head-to-tail regioselectivity. Head-Tail (HT) is the second most likely radical due to two reasons.
First, HT is more probable than Head-Head (HH) because in the second step HT produced by the
attack at the tail side. Second, HT is more probable than Tail-Head (TH) because TH is a 1
radical that has severe steric overlap between the two R groups. It is not clear if TH or HH is
more probable; therefore, they were assigned approximately the same priority. TH is a 1 radical
that has severe steric overlap between the two R groups, while HH is a 1 radical that is
produced through a 1 radical intermediate. In any case, these two products are probably unlikely
as compared to TT and HT. The final reactivity order is therefore assigned as follows: TT > HT
> TH, HH (Scheme 5-1).
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Scheme 5-1: Four possible radicals generated from two starting reactive species and their
reactivity order based on the steric considerations and the stability of the radical. The
reactivity order is TT > HT > TH, HH (reproduced from Chapter 4).
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In accord with the reactivity order, the new bonds are created among the reactive sites. In the
first round, TT radicals are generated, starting from the shortest distance of the pairs of the
reactive sites. From the pairs of the reactive sites that have not been "chemically reacted" in the
first round, HT radicals are generated in the second round. From the pairs of the reactive sites
that have not been "chemically reacted" in the first and second rounds, TH/HH radicals are
generated in the third round. If necessary, hydrogen atoms are then added to the structures. The
appropriate cutoff distance for each non-porous crosslinked polymers were identified in Chapter
4. They are the cut off distances that give the best agreement between the calculated and
experimental densities. The cut off distances for PAM, PCEA, PHBA, and PS are 6.5, 7.0, 5.5,
and 6.0, respectively.
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After the crosslinking, the systems were minimized and equilibrated in the NVT ensemble at
600 K for 500 ps and at 298.15 K for 600 ps. The equilibration at 600 K allows better relaxation
of the systems. The above mentioned simulations were done with the addition of a potential wall
imposed in the z axis of the system (using the axis-restraint command) to generate and maintain
the surface slabs.
5.1.2 Layer of aspirin in ethanol-water 38 v% mixture. A 30x30xI 14.46 A' slab of a 1 molal
of aspirin in 38v% ethanol-water mixture at the experimental density10 6 of 0.946 g/cm 3 was
constructed using Amorphous Cell. There were 50 aspirin molecules, 351 ethanol molecules and
1,860 water molecules in the system. Under a potential wall imposed in the z axis of the system
(using the axisrestraint command), the system was minimized and equilibrated in the NVT
ensemble at 600 K for 200 ps and at 298.15 K for 300 ps before it was combined with the
crosslinked polymer surfaces. This process was done for better relaxation and mixing.
5.1.3 Preferential interaction coefficient.
The layer of aspirin in ethanol-water 38 v% mixture was put on top of each crosslinked
polymer surface (Figure 5-2). The whole system was first minimized. In the NVT ensemble, it
was equilibrated at 600 K for 500 ps for better relaxation and then at 298.15 K for 1 ns. In the
NPT ensemble at 298.15 K, the system was additionally equilibrated for 1 ns. Vega ZZ
software"1"4 was then employed to compute the polar and apolar areas of the combined top and
bottom areas of the surface slab using the dotted surfaces1 1 5 with the default probe radius of 1.4
A'. The system was further run for 15 ns, and the 15 ns trajectory was used to compute the
preferential interaction coefficient. After 15 ns, the preferential interaction coefficients reach
reasonably constant values. Throughout the simulations, the temperature was controlled using
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the Nose-Hoover thermostat,98-100 while the pressure was controlled using the Berendsen
barostat. 104 The trajectory was saved every 10 ps.
Figure 5-2. A typical setup for the calculation of the preferential interaction coefficient. The
crosslinked polymer surface, ethanol molecules and water molecules are shown in line
representation. Aspirin molecules are shown in vdW representation. Carbons are shown in grey.
Oxygens are shown in red. Nitrogens are shown in blue. Hydrogens are shown in white.
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bulk oma-nsolvent+aspirin
polymer
Figure 5-3. Preferential interaction coefficient measures the excess number of small molecules
(aspirin) in the local domain near the surface (crosslinked polymer surface) as compared to the
bulk domain.
The preferential interaction coefficient measures the excess number of small molecules in the
vicinity of the surface (local domain) as compared to the bulk (bulk domain). In our study, the
small molecules are aspirin molecules and the surface is a non-porous crosslinked polymer
surface (Figure 5-3). Developed by Baynes and Trout," the method for the calculation of the
preferential interaction coefficient is based on a statistical mechanical approach as applied to an
all-atom model with no adjustable parameter. Without a priori information about any binding
sites on the protein, the method was originally used to compute the number of bound molecules
to protein. The definition of the instantaneous preferential interaction coefficient (1-' (r, t)) was
recently modified by Shukla et al. 77 to incorporate the effect of movement of solvent and small
molecules in and out of the local domain of the surface. This modified formula was used to
compute the preferential interaction coefficient (equation 5-1) throughout this study.
I23(r, t) = n3(r, t) - ni (r, t)(33r) , (5-1)
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where, as defined in this study, 1 is water (reference solvent), 2 is polymer, 3 is aspirin, r is the
distance from the polymer surface, t is time, ni is the total number of water molecules, and n3 is
the total number of aspirin molecules.
F2 3 gives a description of interactions between the polymer surface and bound aspirin
molecules. The variation of the number of water and aspirin molecules as a function of distance
from the polymer surface is used to compute T23 as a function of distance from the polymer
surface until F2 3 approaches a reasonably constant value. In this study, we used the algorithm
similar to that used by Shukla et al.77 to compute F2 3 . The algorithm is also described briefly
here. At its center of mass, the aspirin molecule is treated as a point. The distances from the
aspirin molecule to the atoms of the polymer surface are computed, where each polymer atom is
treated as a sphere with its vdW radius. The minimum of these distances is used to represent the
distance from the aspirin molecule to the polymer surface and it is put into bins of size 0.1 A'.
F23(r,t) is then computed using equation 1. The preferential interaction coefficient of the entire
trajectory at specific r is defined as the time average of the instantaneous values at that r using
the following equation:
T23= = F23 (ti) , (5-2)T
where -c is the time period of the entire run, and F 23 (ti) is the value of the preferential interaction
coefficient at time ti.
In this study, the numbers of aspirin, water and ethanol molecules as well as the size of the
system were chosen to ensure that the simulations take a reasonable amount of time since the
calculation of the preferential interaction coefficient requires a very long trajectory (15 ns for our
systems). Moreover, the number of aspirin molecules was chosen so that the number of aspirin
131
molecules is sufficient to achieve a reasonable trend of the average preferential interaction
coefficients of the four crosslinked polymers.
5.1.4 Number of aspirin molecules associated with the area of the binding site.
As identified in Chapter 4, the best binding site of each surface was used to define the area of
the binding site in this study, and the polymer atoms that are within 3.6 A' (the average distance
of vdW interactions) of the aspirin molecule in the best binding site were identified. In this study,
the center of mass of the same polymer atoms was subsequently found on the polymer surface
that was previously equilibrated with the aspirin/water/ethanol mixture. The area of the binding
site was defined to be the square of 10 x 10 A 2, extending from this center of mass for 5 A in
the ± x and ± y direction (~ I of the whole surface). The distance of 5 A was chosen because it is9
slightly larger than the longest distance from the center of mass of the minimized conformation
of aspirin to the farthest atom from the center of mass. An aspirin molecule was associated with
the binding site area if it was within 17 A' of the nearest polymer atom that was in the area of the
binding site as previously identified. Similar to section 5.1.3, the distance was calculated from
the center of mass of the aspirin molecule to the vdW radius of the nearest polymer atom. The
distance of 17 AO was chosen because it is about the sum of 1, the nonbonded cutoff and 2, the
longest distance from the center of mass of the minimized conformation of aspirin to the farthest
atom from the center of mass of aspirin. It is approximately the farthest distance that the polymer
atom can interact with the aspirin molecule in our system. The total number of aspirin molecules
associated with the binding site area was then computed for each surface from the production run
of 15 ns (same trajectory as that used in the calculation of the preferential interaction
coefficient).
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5.1.5 Crystalline order of aspirin molecules
To measure the crystalline order of aspirin molecules near the polymer surface, we computed
the order parameters of aspirin molecules from the 15 ns run trajectory, using the approach
developed by Santiso and Trout.'1 6 Order parameters are sets of mathematical functions that can
distinguish one of the states from the other and from the intermediate states. Usually, they are
defined to have a value of zero for the disordered phase and a nonzero value for the other phase.
In this study, we used the distance order parameter that is sensitive to ordering in center-of-mass
distances:"16
d -- , Zjr (rij-ra)2
pe - "22 (5-3)
The index i denotes the i-th molecule. rij is the center-of-mass distance between molecules i and
j. ra is the mean center-of-mass distance corresponding to peak a. a is the corresponding
standard deviation.
A full 3D Cartesian frame was used to represent the absolute orientation of aspirin as shown in
Figure 5-4. To define the coordinate frame, we used the carbon adjacent to the ester group, the
carbon adjacent to the carboxyl group, and the oxygen in the ester group. To define a reference
structure, the aspirin crystal, as reported by Kim et al.,' 0' with the system size of 4 x 7 x 4
(45.720 x 46.137 x 45.580 A') containing 448 molecules was constructed. It was first minimized
and simulated under the NPT condition at 298.15 K and 1 atm for 2 ns. Under the NVT
condition, it was annealed slowly to 1 K (750 ps) and finally minimized. The final configuration
was used as reference structure. The trajectory from the last 1 ns of the NPT simulation was used
to obtain the parameters appearing in the models for the probability densities in Eq. (5-3).
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Figure 5-4. "Point molecule" representation of aspirin. The center of mass position is denoted by
r, and the quaternion q defining the absolute configuration is displayed as a coordinate frame.
The atoms that are used to define the coordinate frame are the carbon adjacent to the ester group,
the carbon adjacent to the carboxyl group, and the oxygen in the ester group.
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5.2 Results and Discussions
5.2.1 The preferential interaction coefficient
For each polymer, we used three surfaces that were independently generated in Chapter 4. For
PAM, we constructed PAMA, PAMB, and PAMC. For PCEA, we constructed PCEAA, PCEAB,
and PCEAC. For PHBA, we constructed PHBAA, PHBAB, and PHBAC. For PS, we
constructed PSA, PSB, and PSC. The structures of these surfaces after NVT and NPT
equilibration are shown in Figure 5-5, Figure 5-6, Figure 5-7, and Figure 5-8 for PAM, PCEA,
PHBA, and PS, respectively.
Figure 5-5. The structures of the three surfaces of PAM: PAMA (left), PAMB (middle), and
PAMC (right). The crosslinked polymer surfaces are shown in surface representation. Carbons
are shown in grey. Oxygens are shown in red. Nitrogens are shown in blue. Hydrogens are
shown in white.
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Figure 5-6. The structures of the three surfaces of PCEA: PCEAA (left), PCEAB (middle), and
PCEAC (right).
Figure 5-7. The structures of the three surfaces of PHBA: PHBAA (left), PHBAB (middle), and
PHBAC (right).
Figure 5-8. The structures of the three surfaces of PS: PSA (left), PSB (middle), and PSC (right).
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Table 5-2 gives the polar and apolar surface areas of each surface. The ranking of the polar
areas of the four crosslinked polymers is PCEA > PHBA > PAM > PS. The differences in the
polar areas of these polymers are probably caused by the differences in the functional groups and
the number of polar atoms of the monomers. CEA has the largest number of polar atoms,
followed by HBA, AM and S, respectively.
Table 5-2. Polar and apolar surface areas of the crosslinked polymer surfaces.
surface areaa
polymer surface polar apolar total
A2 % A2 % (A2
PAM PAMA
PAMB
PAMC
average
PCEA PCEAA
PCEAB
PCEAC
average
PHBA PHBAA
PHBAB
PHBAC
average
PS PSA
PSB
PSC
average
acalculated from the com
388.2 10.9 3175.1
667.9 18.3 2977.4
826.4 17.5 3897.9
627.5 15.6 3350.1
1644.3 38.1 2676.8
1292.7 36.9 2212.8
2042.8 47.5 2260.0
1659.9 40.8 2383.2
1007.3 28.8 2492.6
1244.8 25.2 3693.0
1258.9 28.3 3184.7
1170.4 27.4 3123.4
0.0 0.0 5112.3
0.0 0.0 4191.1
0.0 0.0 3853.4
0.0 0.0 4385.6
bined total area of the top and
89.1
81.7
82.5
84.4
61.9
63.1
52.5
59.2
71.2
74.8
71.7
72.6
100.0
100.0
100.0
100.0
bottom of the
3563.4
3645.3
4724.3
3977.6
4321.1
3505.5
4302.8
4043.1
3499.9
4937.8
4443.6
4293.8
5112.3
4191.1
3853.4
4385.6
surface slab.
To identify the functional groups of the crosslinked polymer surfaces forming hydrogen bonds
with the aspirin molecules, the maximum numbers of such hydrogen bonds over the 15 ns
trajectory are reported in Table 5-3, Table 5-4, and Table 5-5 for PAM, PCEA, and PHBA,
respectively. The distance cutoff of 2.5 A was used to determine if there is a hydrogen bond
between a functional group of a polymer and that of an aspirin molecule. The functional groups
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that make the largest number of hydrogen bonds are 0 (C=O), H (COOH), and H (OH) for PAM,
PCEA, and PHBA. PCEA forms the largest total number of hydrogen bonds, followed by PHBA
and PAM, probably because the monomer CEA has the largest number of polar atoms that can
form hydrogen bonds with aspirin molecules, followed by the monomer HBA and AM.
Table 5-3. The maximum number of hydrogen bonds formed between different functional
groups of the crosslinked polymer surfaces and aspirin molecules during the 15 ns
trajectory.
max number of hydrogen bonds
polymer surface formed with aspirin molecules
0 N O (C=O)
PAM PAMA 2 1 3
PAMB 2 0 4
PAMC 2 0 4
Table 5-4.
groups of
trajectory.
The maximum number of hydrogen bonds formed between different functional
the crosslinked polymer surfaces and aspirin molecules during the 15 ns
max number of hydrogen bonds formed with aspirin molecules
polymer surface
0 (C=O) 0 (C-0) 0 (COOH) OH (COOH) H (COOH)
PCEA PCEAA 6 1 7 3 11
PCEAB 6 1 7 3 9
PCEAC 5 1 9 3 15
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Table 5-5. The maximum number of hydrogen bonds formed between different functional
groups of the crosslinked polymer surfaces and aspirin molecules during the 15 ns
trajectory.
max number of hydrogen bonds formed
polymer surface with aspirin molecules
0 (C=O) 0 (C-0) OH (OH) H (OH)
PHBA PHBAA 4 2 4 8
PHBAB 9 1 5 9
PHBAC 4 2 4 8
The preferential interaction coefficients as a function of the distance from the polymer surface
of PAM, PCEA, PHBA, and PS are shown in Figure 5-9. The preferential interaction coefficients
reach reasonably constant values at about 17 A from the polymer surface. At these values, the
preferential interaction coefficients were used for comparison among different polymers. The
preferential interaction coefficients of PAMA, PAMB and PAMC are 33.3 ± 1.0, 35.7 ± 1.3, 41.5
+ 0.6, respectively. The preferential interaction coefficients of PCEAA, PCEAB and PCEAC are
37.5 ± 1.0, 29.6 ± 1.3, 32.7 ± 1.0. The preferential interaction coefficients of PHBA, PHBAB
and PHBAC are 39.7 ± 0.8, 34.7 ± 1.4, 40.2 ± 1.1. The preferential interaction coefficients of
PSA, PSB and PSC are 27.1 ± 1.3, 32.9 ± 1.2, 37.5 t 0.9.
During the simulations, we observed that when there are many aspirin molecules in the system,
aspirin molecules mostly interact with the polymer chains at the top of the surface and do not
usually bind at the binding sites deep inside the surface. Once, sufficient aspirin molecules fill
the surface, more aspirin molecules are recruited to the surface by the interactions with the
aspirin molecules in the first layer. Throughout the simulations, the interactions among aspirin
molecules are very common.
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Figure 5-9. Preferential interaction coefficient as a function of the distance from the
polymer surface of PAM (top left), PCEA (top right), PHBA (bottom leftt), and PS (bottom
right).
5.2.2 The trend of the average preferential interaction coefficients
The preferential interaction coefficient of each surface and the average of the coefficients of
the three surfaces of each polymer are summarized in Table 5-6. The average values of the
preferential interaction coefficients of PAM, PCEA, PHBA and PS are 36.8 ± 1.0, 33.3 ± 1.1,
38.2 ± 1.1 and 32.5 ± 1.1, respectively. The trend of the binding affinity of many molecules to
the surface is PHBA > PAM > PCEA > PS. Except PHBA, the trend is similar to both the
ranking of heterogeneous nucleation activity and the trend of the magnitudes of the average free
energies of binding to the best sites (Chapter 4), which is PAM > PCEA > PHBA ~ PS. If we
were to use the trend of average preferential interaction coefficients, we would suggest PHBA
and PAM for heterogeneous nucleation experiments.
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Table 5-6. The preferential interaction coefficients of each surface and the average of the
coefficients for each polymer.
polymer surface
1.PAM PAMA
PAMB
PAMC
average
2.PCEA PCEAA
PCEAB
PCEAC
average
3.PHBA PHBAA
PHBAB
PHBAC
average
4.PS PSA
PSB
PSC
average
preferential
interaction coefficient
33.3 ± 1.0
35.7 t 1.3
41.5 t 0.6
36.8 t 1.0
37.5 ± 1.0
29.6 t 1.3
32.7 t 1.0
33.3 t 1.1
39.7 ± 0.8
34.7 t 1.4
40.2 t 1.1
38.2 1.1
27.1 ± 1.3
32.9 + 1.2
37.5 t 0.9
32.5 ± 1.1
The differences in the binding affinity of many molecules to the four crosslinked polymers are
probably caused by the complicated interplay between the morphology and the polarity of the
surface of each polymer. PHBA has the highest binding affinity, probably because it has the
appropriate amount of polar surface area in combination with long chains pointing out in
solution, where these chains can help interact and recruit aspirin molecules to move near the top
of the surface. Throughout the simulations, we observed that aspirin molecules mostly interact
with the polymer chains at the top of the surface and do not usually bind at the binding sites deep
inside the surface.
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The fact that the binding affinity of many molecules of PAM is better than PCEA can probably
be best explained by the effects of the polarity of the surface. Although PCEA has longer chains
than PAM, PCEA has the largest polar surface area among the four polymers due to the carboxyl
groups. Although the large polar surface area gives more opportunities for PCEA to form
hydrogen bonds with aspirin molecules, it can also cause unfavorable interactions with the
aspirin molecule because the aspirin molecule has both polar and apolar functional groups. As a
result, PCEA cannot recruit as many aspirin molecules to the surface as PAM and PHBA. Due to
these reasons, we would not recommend polymers with the carboxyl group for future
heterogeneous nucleation experiments. Lastly, PS has the lowest binding affinity because it has
only apolar surface. It cannot favorably interact and recruit aspirin molecules to the surface as
aspirin molecules have both polar and apolar functional groups.
For PHBA, the differences in the trend of the average preferential interaction coefficients and
that of the magnitudes of the average free energies of binding to the best sites may be caused by
the differences in the free energy landscapes of the crosslinked polymer surfaces. If we were to
look at PAM and PHBA, for example, PAM ranks higher than PHBA in terms of the free energy
of binding to the best sites but ranks lower than PHBA in terms of the preferential interaction
coefficient. It may be possible that the free energy of the best binding site of PAM is lower than
that of PHBA, but the free energy of other binding sites on the surface of PAM are on average
higher than that of PHBA. When there are many molecules binding at the surfaces, the free
energies of other sites on the surfaces dominate. As a result, the binding affinity of many
molecules to PHBA is higher than that to PAM, as indicated by their preferential interaction
coefficients.
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From our two-part study, we observed that the magnitudes of the average free energies of
binding to the best sites correlate better to the heterogeneous nucleation activity than the average
preferential interaction coefficients of many molecules. This phenomenon suggests the binding
affinity to the best site is of crucial importance to heterogeneous nucleation. Due to the fact that
only one critical nucleus is needed for heterogeneous nucleation, it may be sufficient for
molecules to bind to the best site on the surface in order to form the critical nucleus and
heterogeneously nucleate. Therefore, using the free energy of binding to the best site may be
more meaningful in selecting polymers promoting heterogeneous nucleation than using the
binding affinity of many molecules. In any case, further studies are needed to confirm our
findings, and to gain the detailed molecular mechanism of heterogeneous nucleation.
5.2.3 Number of aspirin molecules associated with the area of the binding site
The number of aspirin molecules associated with the area of the best binding site as identified
in Chapter 4 is shown in Table 5-7, and its ranking is PAM > PS > PCEA > PHBA. This ranking
is probably caused by the differences in the morphologies of the four crosslinked polymers due
to the differences in the lengths of their monomer chains. It can be difficult for an aspirin
molecule to reach a binding site area that has a large number of long flexible chains. The wiggle
movement of the chains may prevent the aspirin molecules from moving directly from the
solution to the binding site area, which can be deep inside the surface. On the contrary, an aspirin
molecule can move relatively easily from the solution to a binding site area that has short chains
because there will be no obstacle in its way. The ranking of the chain length of monomers is
HBA > CEA > AM ~ PS, which may imply the ranking of the accessibility of the aspirin
molecule to the binding site area to be PS ~ PAM > PCEA > PHBA. This accessibility ranking is
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quite similar to the ranking of the average number of the aspirin molecules associated with the
area of the binding site.
Although the average number of aspirin molecules associated with the areas of the binding
sites of PS is higher than that of PCEA and PHBA, these aspirin molecules may not be able to
effectively bind to and heterogeneously nucleate on the surface of PS. PS has only apolar atoms,
while aspirin contain both polar and apolar atoms. The lack of polar atoms of PS may cause
unfavorable interactions when the aspirin molecules bind to these binding sites. Taken these
effects into account, the predicted ranking would be PAM > PCEA > PHBA ~ PS or PAM >
PCEA > PHBA > PS.
PHBA ranks highest in the trend of the average preferential interaction coefficient but ranks
lowest in that of the average number of aspirin molecules associated with the area of the binding
site. This result is probably caused by the fact that most aspirin molecules are at the top of the
PHBA surface, interacting with the long polymer chains, as well as on top of other aspirin
molecules but only a small number of aspirin molecules are in the binding site area deep inside
the surface. These findings may further support the importance of the binding to the binding site
to heterogeneous nucleation.
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Table 5-7. The number of aspirin molecules associated with the area of the binding site
reference number of aspirinpolymer surface refrsite a molecules associated withbinding s the area of the binding site
1.PAM PAMA PAMA2 1.21 ± 0.01
PAMB PAMB5 6.14 0.01
PAMC PAMC3 1.77 ±0.01
average 3.04 0.01
2.PCEA PCEAA PCEAA1 2.00 ± 0.01
PCEAB PCEAB5 1.12 ± 0.01
PCEAC PCEACl 2.72 ± 0.01
average 1.95 ±0.01
3.PHBA PHBAA PHBAA7 0.88 + 0.01
PHBAB PHBAB5 0.85 +0.01
PHBAC PHABAC4 2.28 ± 0.01
average 1.34 + 0.01
4.PS PSA PSA4 1.91 + 0.01
PSB PSB7 3.04 ± 0.01
PSC PSC3 2.71 ± 0.01
average 2.55 + 0.01
aThe best binding site as identified in Chapter 4.
The experimental ranking of heterogeneous nucleation activities of aspirin on the four
crosslinked polymers and the predicted rankings based on various methods are summarized in
Table 5-11. If we were to use the binding affinity of many molecules to help select polymers
promoting heterogeneous nucleation, we would use the average number of aspirin molecules
associated with the area of the binding site as the main criterian and suggest PAM for
experiments. In this study, the production run was simulated for 15 ns to accommodate the
preferential interaction coefficient calculation. However, if we were to compute the average
number of aspirin molecules associated with the binding site area alone, it would require only a
few ns run, which is substantially less computational intensive than the preferential interaction
coefficient calculation. Moreover, the average number of aspirin molecules associated with the
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area of the binding site could be used as an alternative to the free energy of binding calculation
as suggested in Chapter 4. It requires substantially less computation time and resources than that
used in the computationally intensive calculation of the free energy of binding.
5.2.4 Crystalline order of aspirin molecules
Table 5-8 shows the peaks in the pair distribution function for the reference structure of
aspirin. These peaks were obtained with a center-of-mass distance cutoff of 7 A. There are two
groups of peaks because the aspirin crystal has an inversion symmetry.
Table 5-8. Peaks in the pair distribution function for an ideal aspirin crystal.
(a) first group
r (A")
5.37
6.11
6.11
6.45
6.66
6.66
x
0.6255
0.6788
-0.4394
-0.8575
0.3587
-0.3587
y
-0.1787
-0.2444
0.8003
-0.1009
0.8316
-0.8316
z
0.7595
-0.6924
0.4080
-0.5044
-0.4240
0.4240
w
0.0000
0.4562
0.4562
0.0000
1.0000
1.0000
x
0.0000
0.8363
0.8363
0.0000
0.0000
0.0000
y
0.0000
-0.3041
-0.3041
0.0000
0.0000
0.0000
z
1.0000
0.0000
0.0000
1.0000
0.0000
0.0000
(b) second group
5.40
6.11
6.11
6.43
6.66
6.66
0.6285
-0.4394
0.6788
-0.8575
-0.3587
0.3587
-0.1497
0.8003
-0.2444
-0.1009
-0.8316
0.8316
-0.7632
-0.4080
0.6924
0.5044
-0.4240
0.4240
0.0000
-0.4562
-0.4562
0.0000
1.0000
1.0000
0.0000
0.8363
0.8363
0.0000
0.0000
0.0000
0.0000
-0.3041
-0.3041
0.0000
0.0000
0.0000
1.0000
0.0000
0.0000
1.0000
0.0000
0.0000
To obtain the parameters appearing in the probability distribution in Eq. (5-3), the NPT
simulation of the aspirin crystal was carried out. Calculated from the last 1 ns trajectory, the
maximum likelihood estimators of the parameters are shown in Table 5-9. These parameters
show that increasing the temperature of the aspirin crystal slightly changes the mean positions,
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bond orientations and relative orientations. Moreover, the large concentration parameters
indicate that the distributions are localized.
Table 5-9. Average peak locations and concentration parameters for an aspirin crystal at
298.15 K.
(a) first group
r (A")
5.41
6.13
6.12
6.47
6.66
6.67
1/a2 AA ')
28.0
25.6
25.4
31.9
21.1
19.9
x
0.6312
0.6815
-0.4402
-0.8641
0.3621
-0.3602
y
-0.1482
-0.2629
0.8110
-0.1235
0.8166
-0.8185
z
0.7613
-0.6829
0.3854
-0.4880
-0.4494
0.4475
K
89.8
98.7
108.0
89.3
15.7
55.2
w
-0.0001
-0.4450
0.4451
-0.0001
0.9999
-1.0000
x
0.0001
-0.8202
0.8202
0.0002
0.0131
-0.0023
y
0.0001
0.3595
-0.3595
0.0001
-0.0057
0.0012
z
1.0000
0.0000
0.0000
1.0000
0.0007
0.0003
100.2
99.0
98.6
94.3
36.9
69.2
(b) second group
5.41
6.13
6.12
6.47
6.67
6.66
28.0
25.7
25.3
32.0
20.2
21.5
0.6309
-0.4407
0.6809
-0.8639
-0.3600
0.3617
-0.1486
0.8110
-0.2631
-0.1233
-0.8188
0.8172
-0.7615
-0.3847
0.6835
0.4883
-0.4471
0.4487
89.5
108.3
97.3
86.9
53.9
15.9
0.0001
0.4451
0.4450
0.0001
-1.0000
0.9999
0.0001
-0.8202
-0.8202
0.0002
0.0022
-0.0128
0.0001
0.3595
0.3594
0.0001
-0.0012
0.0055
1.0000
0.0000
0.0000
1.0000
0.0003
0.0006
100.2
99.0
98.5
92.8
70.3
37.5
The maximum value of the distance order parameter of aspirin molecules for each surface and
the average value for each polymer are shown in Table 5-10. We found a weak trend of the
average values to be PAM > PCEA > PHBA > PS or PAM ~ PCEA > PHBA > PS. This trend is
probably caused by the differences in morphologies and polarities of each polymer. PAM may
have the most appropriate combined properties of morphology and polarity. Therefore, the
aspirin molecules are able to arrange in configurations with densities that are more similar to the
aspirin crystal than PCEA, PHBA and PS. No meaningful trend was obtained when using
orientation-dependent order parameters. However, during the initial stages of crystallization
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densification is more important than orientational ordering, and one would thus expect the
distance order parameters to give a better trend than orientation-dependent degrees of freedom
for this study. In any case, further studies are needed to confirm our findings, and to investigate
the detailed molecular mechanism of heterogeneous nucleation.
Table 5-10. The maximum value of the distance order parameter of aspirin molecules for
each surface and the average value for each polymer.
polymer
1.PAM
2.PCEA
3.PHBA
4.PS
surface maximum value of the distance orderparameter of aspirin molecules
PAMA 42.8
PAMB 43.2
PAMC 34.9
average 40.3
PCEAA 41.5
PCEAB 32.0
PCEAC 46.3
average 39.9
PHBAA 38.0
PHBAB 36.6
PHBAC 39.0
average 37.9
PSA 33.5
PSB 38.5
PSC 38.2
average 36.7
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Table 5-11. The experimental ranking of heterogeneous nucleation activities of aspirin on
the four crosslinked polymers and the predicted rankings based on various methods.
method
1. experimental heterogeneous nucleation activity
2. free energy of binding to the best sitea
3. preferential interaction coefficient to the whole surface
4. number of aspirin molecules associated with the area of the
binding site (taken into account the effects of polar/apolar atom
interactions between an aspirin and a polymer)
5. distance order parameters of aspirin molecules
ranking
PAM > PCEA > PHBA
PAM > PCEA > PHBA
PHBA > PAM > PCEA
PAM > PCEA > PHBA
PAM > PCEA > PHBA
PAM > PCEA
PAM ~ PCEA
~ PS
~ PS
> PS
- PS or
> PS
> PHBA > PS or
> PHBA > PS
a from Chapter 4.
5.3 Conclusions
To investigate the possibility of using the binding affinity of many molecules to help guide the
selection of polymers promoting heterogeneous nucleation, we computed the preferential
interaction coefficients of aspirin molecules (1 m) binding to 4 non-porous crosslinked polymers
(PAM, PCEA, PHBA and PS) in ethanol-water 38 v% mixture. For each polymer, we used three
surfaces that were independently generated in Chapter 4. We found that the trend of the average
preferential interaction coefficients is PHBA > PAM > PCEA > PS. Except PHBA, this trend is
similar to both the ranking of heterogeneous nucleation activity (PAM > PCEA > PHBA ~ PS)
and the trend of the magnitudes of the average free energies of binding to the best sites as
investigated in our Chapter 4. Moreover, the fact that the magnitudes of the average free energies
of binding to the best sites correlate better to the heterogeneous nucleation activity than to the
average preferential interaction coefficients of many molecules suggests the binding affinity to
the best site is of crucial importance to heterogeneous nucleation. Furthermore, we found that it
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may be possible to use the average number of aspirin molecules associated with the area of the
binding site to help guide the selection of polymers, as an alternative to the computationally
intensive calculation of the free energy of binding. Moreover, we found a weak trend of the
distance order parameters of the aspirin molecules to be similar that of heterogeneous nucleation
activities. Our results from the two-part study suggest the possibility of using binding affinity,
especially the free energy of binding to the best site and the average number of nucleating
molecules associated with the area of the binding site, to guide the selection of polymers
promoting heterogeneous nucleation.
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6. Conclusions
6.1 Free energy of binding of a small molecule to an amorphous polymer in a
solvent: methodology development
We developed a two-step approach to compute the free energy of binding of a small molecule
to an amorphous polymer in a solvent. First, we used Adsorption Locator to identify reasonable
binding sites and molecular dynamics to screen for the best binding sites. Second, we used the
Blue-Moon Ensemble method to compute the free energy of binding. A system of ethylene
glycol, PVA, and D20 was used for validation, since experimental data exists on a related
system. Our procedure generated three best indentation binding sites, and the free energies of
binding of these systems were compared with that of the closest system for which experimental
data on binding energetics exists, ethylene glycol on PVA in aqueous solutions/gels. The
magnitudes of the free energy of binding to these three best indentation binding sites, 0.4 - 3.7
kcal/mol higher, are close to that experimental value.
Our approach offers a way to generate reasonable models of binding sites, characterize the
binding sites/conformations, and approximate the free energy of binding of these sites.
Furthermore, it is general enough to apply to other small molecule/amorphous polymer/solvent
systems. Additionally, our procedure can be used to study the binding process of a small
molecule to an amorphous polymer surface for other applications. It is not specifically limited to
heterogeneous nucleation. It is also worth mentioning that once the binding sites are identified,
our procedure can also be used to compute the free energy of binding of other bound products,
including clusters and full layers, using other free energy methods that are compatible with the
system.
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6.2 Binding affinity of a small molecule to crosslinked polymers: free energy
of binding to a binding site
To investigate the possibility of using the free energy of binding to help guide the selection of
polymers promoting heterogeneous nucleation, we developed an approach to construct non-
porous crosslinked polymers from monomers and crosslinkers with double bonds, and we
generated three independent surfaces for four crosslinked polymers (PAM, PCEA, PHBA and
PS). The approach developed in Chapter 3 was then employed to compute the free energy of
binding of the best binding site of each surface in ethanol-water 38 v% mixture. We found that
the trend of the magnitudes of the average free energies of binding to the best sites is very similar
to the ranking of heterogeneous nucleation activity (PAM > PCEA > PHBA ~ PS). This
similarity may suggest the possibility of using the free energy of binding to the best site to help
guide the selection of polymers that effectively promote heterogeneous nucleation. Moreover, it
may suggest that the binding affinity of one molecule to the binding site is of crucial importance
to heterogeneous nucleation.
6.3 Binding affinity of a small molecule to crosslinked polymers: preferential
binding to a surface
To investigate the possibility of using the binding affinity of many molecules to help guide the
selection of polymers promoting heterogeneous nucleation, we calculated the preferential
interaction coefficients of aspirin molecules (1 m) binding to four non-porous crosslinked
polymers (PAM, PCEA, PHBA and PS) in ethanol-water 38 v% mixture. For each polymer, we
used three surfaces that were independently generated in Chapter 4. We found that the trend of
the average preferential interaction coefficients is PHBA > PAM > PCEA > PS. Except for
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PHBA, this trend is similar to both the ranking of heterogeneous nucleation activity (PAM >
PCEA > PHBA - PS) and the trend of the magnitudes of the average free energies of binding to
the best sites in Chapter 4. Additionally, the fact that the magnitudes of the average free energies
of binding to the best sites correlate better to the heterogeneous nucleation activity than the
average preferential interaction coefficients of many molecules suggests that the binding affinity
to the best site is of crucial importance to heterogeneous nucleation. Furthermore, we found that
it may be possible to use the average number of aspirin molecules associated with the area of the
binding site to help guide the selection of polymers, as an alternative to the computationally
intensive calculation of the free energy of binding. In addition, we discovered a weak trend of the
distance order parameters of the aspirin molecules to be similar that of heterogeneous nucleation
activities. Our results from Chapters 4 and 5 suggest the possibility of using binding affinity,
especially the free energy of binding to the best site and the average number of nucleating
molecules associated with the area of the binding site, to help guide the selection of polymers
promoting heterogeneous nucleation.
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7. Future work
Possible new areas for future research, suggested by the work in this thesis, are summarized
briefly in the following sections.
7.1 Binding affinity of other active pharmaceutical ingredients (APIs) on non-
porous polymers.
Due to the limited experimental data on heterogeneous nucleation activities, only one API and
four non-porous polymers were investigated in this thesis. It would be beneficial to investigate
the binding affinity of other APIs such as paracetamol, carbamazepine, etc., and include more
non-porous polymers with various functional groups. These studies would further validate the
possibility of using the free energy of binding to the best site to guide the selection of polymers
that promote heterogeneous nucleation. Moreover, these studies will further help derive design
principles to produce polymers that can effectively promote heterogeneous nucleation.
Furthermore, the results in Chapter 4 suggest that the monomer length may play an important
role in the binding affinity of an API to a polymer and in heterogeneous nucleation activity.
These effects of monomer length are also worth pursuing, and they can be investigated by
varying the length of the monomer with the same functional groups and computing the free
energy of binding of an API to these polymers as well as experimentally measuring
heterogeneous nucleation activities.
7.2 Binding affinity of APIs to porous polymers.
Diao et al.' 0 discovered that porous PAM, PCEA, PHBA and PS are more effective in inducing
heterogeneous nucleation of aspirin than non-porous PAM, PCEA, PHBA and PS. Moreover,
they found that the ranking of heterogeneous nucleation activity of porous polymers is slightly
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different from that of non-porous polymers. The ranking for porous polymers is PAM > PHBA >
PCEA > PS, while the ranking for non-porous polymers is PAM > PCEA > PHBA ~ PS. It
would be beneficial to generate the models of these porous polymers and compute the free
energy of binding of aspirin and see if the differences in heterogeneous nucleation activity
between the non-porous and porous polymers can be explained by the binding affinity of aspirin
to these polymers, as measured by the free energy of binding or preferential interaction
coefficient.
7.3 Faster calculations of binding affinity.
Since the developed procedure to calculate the free energy of binding requires a significant
amount of time and computational resources, developing a procedure that can speed up the
calculation would be advantageous. One possible way to achieve this goal is to approximate the
free energy of binding using a procedure similar to that used in docking software such as
Autodock.' 17
AutoDock uses a simple semi-empirical force field and allows exploration of a wide region of
conformational space. Its pair-wise atomic terms take into account dispersion/repulsion,
hydrogen bonding and electrostatics. 11 Perhaps, a simple semi-empirical force field can be
developed for polymers to approximate the free energy of binding using similar pair-wise atomic
terms. However, this research area requires a large amount of experimental data. If there are
enough experimental data in the future, this area would be worth pursuing.
7.4 Free energy of binding of a crystal layer
Diao et al.' 0 found that aspirin crystals use different faces to bind and grow on the polymer
surfaces. Specifically, aspirin uses the (011) face to bind and grow on the surfaces of PHBA and
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PAM, while it uses the (100) face to bind and grow on the surfaces of PCEA.
These results might be caused by the differences in the binding affinity of various faces to
polymers. For PHBA and PAM, it may be possible that the free energies of binding of the (011)
face of aspirin to these polymers have the largest magnitudes as compared to other faces. On the
other hand, the free energy of binding of the (100) face of aspirin to PCEA may have the largest
magnitude as compared to other faces.
To compute the free energy of binding of a crystal face to a polymer requires several steps
using both the thermodynamic integration technique and the Blue-Moon Ensemble method. A
possible approach is shown in Scheme 7-1. The first process involves transferring the solvent
layer from between the API and polymer layer to a vacuum and then to the bulk solvent. The free
energy of this process can be computed using the thermodynamic integration technique. Using
the system of API and polymer layers without the solvent layer, the second process involves
computing the free energy of binding of a crystal layer to a surface. This process can be
computed using the Blue-Moon Ensemble method.
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Scheme 7-1: A possible scheme to compute the free energy of binding of a crystal face of an API
to a polymer surface.
Vacuum
TI (NVT) Vacuum TI (NPT) (transferred)APISovn
Solvent Solvent Solvent
Polymer Vacuum
Vacuum
Blue-Moon (NVT) Vacuum
2Vacuum API
Polymer Polymer
7.5 Heterogeneous nucleation mechanism
It would be very beneficial to investigate the complicated mechanism of heterogeneous
nucleation as it could help in deriving principles to design polymers promoting heterogeneous
nucleation. One possible approach is to construct order parameters using a similar approach to
that of Santiso and Trout." 6 These order parameters can then be used to determine the Minimum
Free Energy Path (MFEP) using the String Method in Colletive Variables (SMCV). "'
Recently, Santiso and Trout" 6 developed an approach to construct order parameters suitable
for the study of the crystallization mechanism. In brief, they used a generalized pair correlation
function containing all the relevant information on the crystal structure (positions, orientations,
and sets of internal degrees of freedom). These distributions were then approximated using the
models that are appropriate for the distributions. The distributions of the positions, the bond
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orientations, and the relative orientations can be approximated as a Gaussian, the Fisher
distribution,119,120 and the bipolar Watson distribution, respectively. The distribution of the
internal degrees of freedom needs to be chosen on a case-by-case basis, however. These internal
degrees of freedom are usually described by the distances between atoms, the angles formed by
three atoms or the dihedrals formed by four atoms. A Gaussian distribution would be appropriate
for distances, while the von Mises distribution would be appropriate for angles or dihedrals.
MFEP is the most probable transition path between the local minima of potential energy and it
can be used to find the relevant saddle points for a particular barrier-crossing event as well as the
unstable directions at these points. Using SMCV, MFEP can be obtained. SMCV involves
constructing a chain of states (string) that evolves in time guided by the negative gradient of the
free energy (the mean force) with respect to some order parameters, which can be determined by
the method developed by Santiso and Trout.116 The mean force can then be obtained using a
constrained dynamics such as the Blue-Moon Ensemble method or restrained Langevin
dynamics.
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